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Abstract 
Gold nanoparticles (NPs), a class of noble metal NPs, provides an attractive system as 
potential biomedical imaging agents owing to their low toxicity, ease of preparation and 
functionalization, and spectroscopic properties of supporting surface enhanced Raman 
scattering (SERS). But for possible use of such SERS based gold NP diagnostic agents for 
Raman bioimaging, it is essential to be able to detect it from within deep layers of tissue 
which requires a significant improvement in its SERS activity. An attempt to achieve this 
was made by preparing structured colloidal assemblies of gold NPs.  
Our strategy was to employ hyperbranched polymers (HBPs), with multiple anchoring end 
groups to chemically bind to gold NPs, as the linker to mediate the formation of gold NP 
assemblies. The HBPs were synthesized by a Reversible Addition Fragmentation Chain-
Transfer (RAFT) polymerization technique and could be easily tailored to meet our specific 
requirements of end group functionality, end group density and macromolecular size, making 
it the ideal candidate as a linker. To the best of our knowledge, this was the first study 
undertaken to demonstrate the potential of HBPs as linkers for the self-assembly process. A 
three step methodology was devised, wherein the gold NPs were firstly coated with HBPs 
referred to as “intermediate hybrids” which was further treated with an equimolar batch of 
gold NPs, thus forming the “hybrid NP assemblies”. The available end groups of the HBP in 
the intermediate hybrids anchored to the second batch of gold NPs, thereby acting as the 
linker. The formation of NP assemblies was confirmed by change in color, appearance of a 
secondary SPR absorption peak and TEM micrographs, thus validating our strategy. The 
linker concentration was observed to be a key factor in determining the formation, physical, 
optical and spectroscopic properties of the assemblies. An optimum concentration of the 
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linker led to the formation of bigger assemblies of size ~ 50-120 nm constituting of 10-15 
NPs, demonstrating a dramatically improved SERS activity as  compared to single gold NPs. 
In an effort to maximize the SERS activity and gain insight about the factors affecting the 
properties of the assemblies, the linker attributes affecting the assembly were closely 
analyzed. Distinctive assembly morphologies, such as 1D-like linear nanochains, 2D-like 
nanoplates and 3D-like globular assemblies were observed by manipulating the linker 
properties, specifically the number of branches (or end group density). Techniques including 
conventional-TEM, tilted-cryo-TEM and AFM along with the study of quantitative 
parameters of roundness and roundness-roughness product were employed to characterize the 
nanostructures. A degree of control on the morphology and NP density per assembly could 
thus be exercised. This provided an approximate control of the SERS activity, with the 
highest obtained for the globular assemblies followed by the nanoplates and nanochains. 
An attempt was made to form core-satellite nanoassemblies by employing our strategy. This 
would not only establish the versatility of our approach, but also provide nanostructures with 
precise tunability of the size, NP density and SERS activity. The satellite density per core NP 
was observed to directly depend on the satellite to core NP stoichiometry and the HBP 
concentration. The core-satellite morphologies were studied and analyzed with tilt-TEM and 
3D re-construction model for quantification of the visible satellite density, which in our case 
was ~10 ± 1. As apprehended, an increase in satellite density resulted in a linear increase in 
SERS activity, which could be attributed to an increase in hot-spot density.  
Multiplexing of such assemblies was also demonstrated in our study. It was interesting to 
obtain Raman detection at concentrations as low as ~10-9 M for the polymeric linkers and 
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~10-7 M for the Raman tag molecules from colloidal assemblies, suggesting the immense 
improvement of the SERS activity of the assemblies as compared to single gold NPs, where 
detection with these concentrations were not possible. Such hybrid polymer/gold NP 
assemblies integrate the properties of biocompatibility due to HBP based pegylation, passive 
targeting for sizes 50-100 nm, better tissue detection due to SPR absorbance in the near-
infrared, and improved SERS activity.  
As the ultimate goal was the use of these engineered nanoassemblies for SERS based 
diagnosis from tissues, a specialized deep Raman detection technique known as spatially 
offset Raman spectroscopy (SORS) was employed. When the Raman barcoded NP 
assemblies were used as the imaging agent, in combination with, the SORS system as the 
imaging modality, a detection depth of about 7-8 mm was achieved in high proteinaceous 
animal tissue and 1-2 mm for high lipid containing tissue. Identical concentrations of single 
gold NPs and Raman tag could not probe detection even at 3-4 mm for high protein 
containing tissue, thus confirming that NP assemblies have indeed helped in improving the 
detection depth. The detection depth achieved with our non-optimized system is encouraging 
for applications in diagnosis of surgical biopsies of breast and/or skin cancer, where 
comparatively lower detection depth is required. The proposed Raman system could provide 
faster and more accurate diagnosis compared with the conventional histopathological 
procedures. Such hybrid gold NP assemblies, therefore, holds promise for applications in 
nanomedicine especially in biomedical imaging and diagnosis of cancer biopsies. 
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Chapter 1 
Introduction 
 
 
1.1 Biomedical imaging modalities and cancer diagnosis 
 
Biomedical imaging techniques have the potential to detect cancer at its most curable stage 
— and, in many cases, when it is least costly to treat. It does this by enabling physicians to 
detect disease before symptoms are noticeable. This requires the use of an “imaging” agent 
(also known as “diagnostic” or “contrast” agent) to be injected into an organism, whereby it 
is expected to travel to and accumulate in the tumor sites and thereby increase the visibility 
of those abnormal cells with respect to the surrounding normal healthy cells.1 The increase in 
visibility, varying from technique to technique, is recorded by an imaging modality and thus 
helps in detection of the cancer tissues. Each imaging modality utilizes a different strategy to 
improve the visibility. Currently investigated bioimaging modalities, include Magnetic 
Resonance Imaging (MRI), Ultrasound (US), Single Photon Emission Computed 
Tomography (SPECT), Positron Emission Tomography (PET), X-ray computed tomography 
imaging (X-ray CT), and Optical fluorescence imaging as broadly classified in Figure 1. 
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Figure 1. Typical biomedical imaging instruments and the contrast images representative of 
each modality. Adapted with permission from Ref. 1. 
 
 
1.2 Nanoparticle based imaging agents for use in nanomedicine 
Concerns due to sensitivity, imaging lifetime and toxicity with the clinically used imaging 
agents, like organic fluorophores, is the major driving force for pursuit of new alternative 
imaging agents.2 This led to the interest in nanomaterials, like magnetic nanoparticles 
(NPs),3-5 quantum dots (QDs),6-10 and gold NPs.2, 11-19 A lot of research has been focussed in 
this area, in the past decade, where the major effort is to achieve better detection sensitivity 
by improving the efficiency of the imaging agent. Nanotoxicology of such NP based agents 
and approaches in minimizing them are also critical. A reviewed list of different imaging 
modalities and the type of imaging agent employed in the research phase of biodiagnostics in 
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nanomedicine has been presented here. As both PET and SPECT require gamma radiation 
dosages posing detrimental health effects, our interest was confined to the techniques of 
MRI, X-ray CT and Optical fluorescence. A brief description of these imaging techniques is 
provided below. 
 
1.2.1 Magnetic Resonance Imaging (MRI). Magnetic resonance imaging is a non-invasive 
diagnostic tool with good spatial resolution, but suffers from low sensitivity, long acquisition 
time and high instrumentation costs. Magnetic fields are applied to an organism and the 
magnetic resonance of water molecules and their relaxation after excitation is imaged.3, 20 As 
the human body is composed of a very high percentage of water, to enhance the images high 
doses of imaging agents are generally used. They shorten the relaxation parameters (T1 & T2) 
of water, thereby facilitating imaging. MRI imaging agents often utilize paramagnetic 
properties of certain transition metals, among which most common are gadolinium Gd (III) 
chelates and superparamagnetic iron oxide. More recently, fluorine MRI has gained 
importance due to the Nuclear Magnetic Resonance (NMR) properties of the 19F nucleus, its 
high sensitivity and no background signal in vivo due to the absence of 19F in the body. 19F 
has been incorporated into dendrimers or hyperbranched polymers, which have been 
successfully employed in in vivo MRI imaging.20-23 Though rapid renal clearance and 
toxicity24 poses a lot of challenge for its applications, it is one of the most promising imaging 
techniques that may find clinical applications for in vivo diagnosis. 
 
1.2.2 X-ray computed tomography imaging. X-ray computed tomography (X-ray CT) is 
another non-invasive diagnostic method that employs X-rays and generates a three-
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dimensional image of the system.2 It provides good anatomical imaging with high resolution 
and hence has potential for in vivo diagnostics. Its limited soft tissue contrast might restrict 
its applications for diagnosis of biopsies. The widely used imaging agent is based on various 
forms of iodine, which has high ability to absorb X-rays. One of them is called Ultravist 
(iopromide), an iodinated small molecule dye marketed by Bayer, as shown in Figure 2.13 
There are several shortcomings of Ultravist that includes renal toxicity, and limited imaging 
interval due to rapid renal clearance.2, 25  
 
Figure 2. Chemical structure of Ultravist (iopromide), a contrast agent used in X-ray 
computed tomography, commercially available from Bayer. 
 
 
Gold NPs offers several advantages over the current imaging agents, including lower 
toxicity, higher X-ray absorption coefficients and versatility in surface modification.2, 11, 15, 25, 
26 Recently, Kim and colleagues13 prepared gold NPs coated with polyethylene glycol (PEG) 
and studied them for in vivo application as CT agents for angiography and hepatoma. These 
NPs demonstrated a ~5.7 times higher X-ray absorption coefficient than Ultravist at an equal 
concentration in vitro. They also reported a longer circulation time for PEG-coated gold NPs 
~4 hours as compared with ~10 minutes for Ultravist. These results demonstrate the 
feasibility of using gold NPs as in vivo CT imaging agent.2, 11, 15, 25-29  
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1.2.3 Optical Fluorescence imaging: Optical fluorescence imaging utilizes visible to near-
infrared light to excite fluorescent agents and thereafter detects or images the fluorescence 
emission. It is one of the most widely used non-invasive diagnostic modalities in the 
preclinical research phase. Though it is a low cost modality with good spatial resolution, its 
applications are limited due to poor tissue penetration. Tissue scattering and auto-
fluorescence30 along with light absorption by proteins (~260 nm), heme groups (~ 560 nm), 
and water (above 900 nm)31 hinders its use in in vivo conditions. Despite these challenges, 
the near infrared (700–900 nm) window has the advantages of reduced auto-fluorescence, 
reduced tissue scattering and greater tissue penetration depth and thereby has been often 
referred to as the “tissue transparency window”. Imaging agents like fluorescent dyes (like 
Rhodamine 6G etc.) or dye–doped silica NPs32, 33 have been studied. Their major 
shortcoming is their broad spectral emission band which reduces its sensitivity and hence 
multiplexing capabilities.18 More recently, a lot of interest has been generated in application 
of quantum dots6-10, 34 as fluorescent imaging agents, since they demonstrate narrow spectral 
widths and thereby better multiplexing capability than dyes. The biggest concern of the 
scientific community is the cytotoxicity of quantum dots,7, 35 which has proven a set-back to 
this developing area. Chan and colleagues35 demonstrate that the cadmium selenide (CdSe) 
core quantum dots show acute toxicity under certain conditions due to possible liberation of 
free Cd2+ ions. 
Figure 3 and Table 1 are self-explanatory and summarize the three different imaging 
modalities, as mentioned above, and provides a clear picture of the technique along with their 
advantages and disadvantages. 
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Figure. 3.  Several  examples  of  NP  imaging  agents  and  the  relevant  imaging modality. 
(A) Magneto-polymeric NPs for MRI imaging, color maps before and after relaxation 
showing presence of tumor,36 (B) In vivo NIR fluorescence imaging of tumor-bearing mice 
injected with 200 pmol of quantum dots both targeted (QD705–RGD) and non-targeted 
(QD705). Arrows indicate tumors,34 and (C). X-ray CT images in a rat hepatoma model 
following injection of 400 µL of PEG-coated gold NPs (100 mg/mL) into the tail vein. 
Images at (top) 0 h (before injection) and (bottom) 12 h after injection. Arrows indicate the 
hepatoma regions, and the arrowheads indicate the aorta. Numbers in brackets are the 
Hounsfield Units (HU) values providing an indication of the X-ray absorption intenstiy.13 
Adapted with permission from Ref. 36, 34 and 13 respectively. 
 
Table 1. Summary of different imaging modality and employed imaging agents with their 
advantages and disadvantages. 
 
Imaging Modality Main Advantages Main Disadvantages Imaging agents generally used 
Magnetic Resonance 
Imaging (MRI) 
High spatial resolution,  
no radiation 
Low sensitivity, relatively 
long image acquisition times, 
high instrumentation cost 
Gd (III) chelates, 
Iron oxide NPs 
X-Ray Computed 
Tomography (CT) 
Good anatomical imaging, 
high resolution 
Limited soft-tissue contrast 
Iodinated compounds, 
Gold NPs 
Optical Fluorescence 
Imaging 
High sensitivity, 
 multiplex imaging,  
low cost, 
no radiation 
Low resolution, 
low penetration depth,  
high autofluorescence 
Fluorescent dyes,  
quantum dots 
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The intrinsic cytotoxicity of most nanomaterials has restricted their utility in in vitro and in 
vivo applications. Among all other NPs, gold NPs show better compatibility to the cellular 
environment.37-39 They have also found applications in various roles in MRI,4 Fluorescence 
imaging18 and X-ray CT11, 13, 15, 25-27, 29. 
 
1.3 Gold NPs − a promising candidate for biomedical applications 
Gold NPs are a common choice for preclinical research in biomedical imaging applications, 
because of their added advantages of low toxicity,24,37,38, 40,41 easy surface functionalization,13, 
42-45 photothermal therapy4, 46-51 and triggered drug delivery.12, 14, 39, 42, 51-53  These attributes 
are described in brief below. 
1.3.1 Low toxicity of Gold NPs. Among other NPs, gold NPs have been demonstrated to 
have lower toxicity and higher compatibility with biological matrices.37, 38, 40, 54 Various 
polymer coatings specially polyethylene glycol based polymers17,44,45,48 have been employed 
to improve the biocompatibility of gold NPs and increase their blood circulation time in vivo 
providing higher chances of cellular uptake. 
1.3.2 Cell Targeting of Gold NPs. As imaging agents or drug delivery agents need to reach 
the tumor site for realizing their functionality, guiding or targeting them towards the tumors 
is imperative. This can be done by either passive or active targeting mechanisms, which has 
been clearly depicted in Figure 4 adapted from a review by Ghosh and colleagues.14 Both 
these mechanisms require the NP agents to have a longer blood circulation time so as to 
increase the chances of getting taken up by the cancerous cells. 
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The tumors generally feature leaky blood vessels which allow the NPs to enter the tumor site 
and their poor lymphatic drainage helps in retaining the NPs within the site. This is also 
known as the Enhanced Permeability and Retention (EPR) effect and is known to be effective 
for NPs of size <200 nm.55-58 More precisely a size of 10-100 nm of gold NPs provide a 
improved passive targeting and higher cellular uptake.59, 60 The passive mechanism has 
limitations as certain tumors do not exhibit the EPR effect.61  
 
Figure 4. A schematic illustration of drug delivery via “active” and “passive” targeting, solid 
and dotted line respectively. Adapted with permission from Ref. 14. 
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Active targeting, on the other hand, involves specific ligands on the NPs which bind to its 
corresponding receptors presented on the cell surface of a cancerous cell, via ligand–receptor 
interactions.56 Targeting ligands include proteins (like antibodies, nucleic acids aptamers, 
peptides), vitamins, and carbohydrates.62,63 Gold NPs with active tumor targeting capabilities 
have been investigated.16, 17, 64, 65 One of the most used ligands in research is folic acid based 
ligands, as folic acid receptors exhibit limited expression on healthy cells but are often 
present in high concentration on cancer cells.66, 67 Targeting of NP agents is thus a key 
requirement for biomedical applications. 
 
1.3.3. Photothermal properties of Gold NPs. A biological or external stimulus can be used to 
produce a therapeutic response, where the start of the triggered response can be tuned and 
thus it serves as a good platform for therapy. A light source, with wavelength in the tissue 
transparency window around 700-900 nm will provide a higher penetration depth of up to 
several cm in the tissue, hence can be used as the external trigger.68 Gold NPs have 10- to 25-
fold higher molar absorptivity than the photo-absorbing organic dyes like indocyanine green, 
and are also very efficient in converting the scattered light to thermal energy. This high 
efficiency makes gold NPs ideal as photothermal therapy agents. The photo-induced NP 
heating can be utilized in two ways for therapy: firstly, the heat generation can induce cell 
death of tumors often referred to as plasmonic photothermal therapy (PPTT),49, 69, 70 and 
secondly, the heat generated can also be employed to deliver a drug at the tumor site as a 
response to the temperature increase also known as stimuli-responsive drug-delivery.51, 69 
This has been demonstrated in Figure 5, where Figure 5A shows the response and efficiency 
of targeted gold nanoshells in heat induced cell death (necrosis),70, 71 whereas, Figure 5B 
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demonstrates the photothermally triggered drug delivery.51 A lot of studies have been focused 
on ways of increasing the temperature, which in turn would require lower concentrations of 
NPs to be injected. Roper et al. have demonstrated that a temperature rise of approximately 2 
ºC was obtained after 5-6 min of laser irradiation.72 They also studied the correlation between 
temperature increase with NP concentration, laser power and laser spot size. Ji et al. obtained 
a temperature increase of ~16.3 ºC at a concentration of 7.5 x 1012 particles/mL with a laser 
of 808 ± 10 nm and power of 1 W.4 Another important factor is the laser power used, where 
higher power would be more effective but might contribute to negative health effects. In a 
study by El-Sayed and colleagues50 it was reported that the cancer cells required half the laser 
power (~10 W/cm2) to be photothermally damaged as compared to the normal cells (~20 
W/cm2) while using a continuous wave near infrared laser. 
 
Figure 5. (A) Increase in cell death due to photothermal effect of gold nanoshells on infected 
Anti-HER2 cells,70, 71 and (B) Gold nanorods for Raman imaging, and photothermal drug 
delivery effect (a) Schematic diagram of the cooperative system of nanomaterials, and (b) 
Thermal images and Raman spectra of a mouse injected with a gold nanorod.51 Adapted with 
permission from Ref. 70, 71 and 51 respectively. 
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These above mentioned advantages make gold NPs a robust platform for developing 
diagnostic imaging and/or therapeutic agents for use in nanomedicine. The possibility of 
combining the two functionalities into a single platform also referred to as “theranostic 
agent”,1 both based on gold NPs, is also very exciting. This led to our fascination in the 
development of diagnostic imaging agent based on gold NPs. 
  
1.4 Gold NPs as potential imaging agents for use in diagnostic imaging modality.  
As discussed earlier, gold NPs have found applications as X-ray CT imaging agents. Though 
X-ray imaging is a rather easy technology available at most healthcare institutes and hence 
easier to implement for cancer diagnosis, its limited soft tissue contrast makes it ineffective 
for diagnosis of cancer biopsies. A biopsy is a procedure to remove some tissue, cells or 
fluids from the body so that it can be analyzed in a laboratory. While imaging tests, such as 
X-rays, are helpful in detecting masses or areas of abnormality, they alone cannot 
differentiate cancerous cells from noncancerous cells. For the majority of cancers, the only 
way to make a definitive diagnosis is to perform a biopsy for histopathological examination. 
The type of biopsy may vary depending on the probable cancer type. Histopathological 
examinations which involve processing the samples by tissue fixation, sectioning and 
staining; is subjective; has associated costs; and is a time consuming process.73 Hence, it is of 
utmost importance to develop a diagnostic technique that would accelerate the diagnosis 
process, be non-invasive, reduce possibility of human error and possibly involve low tissue 
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processing times. This might be possible by combining spectroscopic diagnostic capability 
with the chemometric software data processing techniques.74  
Stone and colleagues,74 in a recent review, have established the possibilities and benefits of 
Raman spectroscopy as a diagnostic modality for cancer. The advantage of Raman 
spectroscopy in analyzing biological matrix, for example cell, fluids or tissues, is that water 
is a poor Raman scatterer and hence its presence does not hinder diagnosis,75 as compared to 
Infrared spectroscopy, another form of optical vibrational spectroscopy. The major pitfall is 
the weak Raman signal (only about 10-10 times the intensity of the incident laser) obtained 
from a sample due to the low number of Raman photons scattered. To overcome this 
limitation, certain techniques and phenomenon have been investigated. Surface enhanced 
Raman scattering (SERS) phenomenon is one of the most studied. SERS, first explained in 
1977, is a Raman signal enhancement effect, which occurs when a Raman-active molecule is 
present in the vicinity of a metallic surface with nano-roughness.76-81 Since then, significant 
effort has been dedicated to developing efficient SERS substrates, composed of metallic 
nanoparticles (NPs), usually gold, silver and occasionally copper.82-87 This motivated us to 
exploit the benefits of gold NPs, Raman spectroscopy and SERS phenomenon and expand 
the use of SERS-active gold NPs as imaging agents for promoting Raman spectroscopy as a 
potential pre-clinical diagnostic modality. 
As Raman spectroscopy is an optical technique, hence a comparison with the pre-clinical 
gold standard of optical fluorescence imaging technique would uncover its advantages and 
disadvantages. 
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 1.5 Optical imaging modalities: Comparison of Optical Raman and Optical 
Fluorescence imaging 
As pointed out earlier, efficiency of Raman scattering can be dramatically increased by SERS 
(claimed enhancement factors have been in the range 106 to 1014).75, 82-85, 87-90 With such large 
enhancement of Raman scattering the use of SERS for biodiagnostics is an attractive 
alternative to fluorescence. Both techniques generally employ a small molecule referred to as 
the “tag” molecule, “label” or “barcodes”, and image or diagnose the tumor cells by tracking 
and detecting their emission spectrum or Raman spectrum, in Fluorescence and Raman 
imaging respectively. SERS detection can provide certain advantages over conventional 
fluorescence-based agents75, 83-85, 87-89, 91, 92 which are summarized as: (1) Raman peaks 
typically have 10–100 times narrower spectral widths than fluorescent tags, thereby (a) 
significantly reducing the chances of false negatives, and (b) minimizing the overlap between 
different tags and increasing multiplexing capability; (2) when the laser excitation 
wavelength is matched with the localized surface plasmon resonance (LSPR) wavelength of 
the substrate or agent, strong enhancement is achieved due to resonance in addition to the 
SERS enhancement from any SERS-active molecule within the zone of electromagnetic 
enhancement, thus a single source can be used for multiple labels in contrast to typical 
fluorescence labels which require different excitation wavelengths; and last but not the least 
(3) SERS tags are not susceptible to photo-bleaching and hence have a longer lifetime for 
imaging purposes. It is worth mentioning that the NP acts as the SERS substrate whereas the 
tag molecule actually provides the SERS spectrum. 
A study by Qian et. al.18 reports an experimental comparison of the two techniques without 
using high end imaging agents i.e., they employed a dye molecule as both the fluorescence 
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and SERS tag. They then compared the efficiency of each technique by comparing the 
difference in spectrum obtained from the skin and tumor for the targeted dual imaging agents. 
From Figure 6, it is clear that the Raman or SERS spectra provides a better contrast between 
the skin and the tumor, thus prohibiting any false positive or negative diagnosis. It 
demonstrates that the SERS technique has the potential to achieve detection sensitivity that 
exceeds that of conventional fluorescence techniques and also achieve multiplexed detection.  
 
Figure 6. Comparison of Optical Imaging modalities- Fluorescence and Raman Imaging. 
Adapted with permission from Ref.18. 
 
1.6 An introduction to surface enhanced Raman scattering (SERS) 
The SERS phenomenon is observed when a tag molecule sits in the vicinity of the NP 
surface, often termed as “hot-spots”, which results in the enhancement of the Raman signal 
of the tag molecule. Nobel metal NP based SERS substrates have been studied extensively 
for various applications including electronics,93, 94 photonics,95 chemical sensing,96, 97 
biological labeling,96, 97 imaging,98, 99 and, more recently, as diagnostic agents for 
nanomedicine.78, 100, 101 
There are two schools of thought regarding the mechanism of enhancement, one of which 
believes it to be a combined contribution of the electromagnetic enhancement and chemical 
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enhancement, whereas the other believes the electromagnetic enhancement to be the sole 
contributor.75, 83-85, 87, 102 The chemical interaction between the tag molecules and the metal 
surface, including chemical bonding, resonance of a surface complex, and photon-induced 
charge-transfer (PICT) contributes to the chemical enhancement mechanism. It demonstrates 
significantly lower contribution than the electromagnetic mechanism due to its short range 
effect occurring at the molecular scale. The electromagnetic enhancement results from the 
interaction of incident and scattered light with the substrate. It generally constitutes of 
enhancements due to the localized surface plasmon resonance (LSPR), the lightning rod 
effect, and the image field effect. LSPR, the major contributor to the electromagnetic field 
enhancement and therefore SERS, is dependent on the incident laser wavelength, the 
morphology of the metal substrate and the surrounding medium. This implies that by 
manipulating the composition, shape, size and the interparticle spacing of nanostructures, it is 
possible to tune the LSPR to maximize the SERS activity of the substrate. Thus, controlling 
the LSPR of the substrate might help to engineer an imaging agent with high SERS 
sensitivity. 
 
 
1.7 SERS imaging agents for applications in potential pre-clinical optical Raman 
bioimaging 
 The SERS enhancement effect has been realized under in vitro, ex vivo and in vivo 
conditions for biodiagnostics. A very brief compilation of the literature has been shown in 
Figure 7.  
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Figure 7. Types of SERS-based bioimaging with Raman spectroscopy. (A). In vitro imaging 
of cellular components (a) dark-field imaging after 22 h of exposure of the SERS agents103, 
(b) SERS detection of agents in blood serum in backscattering mode,104 (B) In vivo SERS-
based detection of mouse tumor model in backscattering mode17 (a) set-up, (b) detection of 
targeted agents from the tumor in comparison to liver, showing better accumulation in tumor 
with active-targeting, and (C) SERS agents utilized for SORS detection, hence named 
SESORS, from within animal tissue (ex vivo)105 (a) porcine animal tissue, (b) set-up in 
transmission mode with 2-3 mm of offset, (c) SESORS spectrum of agent obtained from 
within 25 mm tissue. Adapted with permission from Ref. 103, 104, 17 and 105 respectively. 
 
Specific reports are discussed below to portray the application of SERS agents for Raman 
bioimaging in the pre-clinical research. Wang et. al.104 reported a method using SERS to 
directly measure targeted circulating tumor cells (CTCs) in the presence of white blood cells, 
representing an in vitro diagnostic method (see Figure 7A). Though the major challenge for 
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in vivo optical imaging and spectroscopy is the limited penetration depth due to light 
scattering and absorption in animal tissues,106 some studies have been reported.5, 17, 18 Qian et. 
al.17 have demonstrated a real time in vivo surface enhanced resonance Raman scattering 
(SERRS) imaging of tumor with the help of near infrared Raman reporters adsorbed on 
pegylated gold NPs. The resonance effect combined with the SERS effect (SERRS) improves 
the enhancement further. Approximately, 1.4 x 104 Raman reporter molecules (near infrared 
dye− malachite green) was adsorbed on 60 nm diameter gold NPs stabilized with 3 x 104 
thiol-PEG molecules. When single-chain variable fragment (ScFv) antibodies were 
conjugated, the NPs were able to target epidermal growth factor receptors (EGFR). The 
resultant NP agents were then injected into nude mice bearing human head and neck 
squamous cell carcinoma (Tu686) xenograft tumor (~3 mm in size) for in vivo SERS 
detection. As shown in Figure 7B, it was reported that the targeted SERS-active gold NPs 
accumulated in the tumor and could be detected by Raman spectroscopy in a live mouse. 
Even with the high concentration of tag molecule, low signal to noise (S/N) was obtained 
from in vivo conditions, due to the loss of Raman signals by tissue scattering, limiting the 
detection depth. Keren et. al.107 achieved a detection depth of ~5.5 mm from within phantom 
tissue by employing commercial silica encapsulated SERS-barcoded NPs as the imaging 
agent. Matousek and Stone105, 108 employed a deep tissue Raman detection system of spatially 
offset Raman spectroscopy (SORS) and were able to detect a SERS imaging agent from a 
depth of ~50 mm of porcine tissue in ex vivo conditions (Figure 7C), which is still the highest 
achieved depth in this field of application. Thus the SORS technique holds great promise for 
Raman spectroscopy to be used as a diagnostic modality, possibly for cancer biopsies. 
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1.8 Spatially offset Raman spectroscopy (SORS)− enabling detection from deeper layers 
of tissue   
In order to minimize the effects of tissue scattering and improve the detection depths, new 
strategies for deep Raman techniques have been considered. These techniques employ gating 
(temporal or spatial) which enables it in differentiation of the Raman signals from different 
depths within the sample. Pre-clinical applications of non-invasive diagnosis of bone disease, 
stones in urology and cancer detection have been studied by utilizing the SORS approach.109  
 
Figure 8. Diagrammatic representation of the backscattered conventional and backscattered 
SORS technique. 
 
The most commonly employed deep Raman spectroscopy technique is spatially offset Raman 
spectroscopy (SORS).74, 105, 108-112 A diagrammatic representation of the backscattered 
conventional and backscattered SORS technique has been shown in Figure 8. In this 
approach the acquisition point (shown in violet in Figure 8) is spatially offset by a distance, 
∆s, from the laser illumination point (shown in green in Figure 8), hence gathering Raman 
signals from a larger and deeper tissue volume (also shown in violet). Hence, it is clear that 
the offset distance determines the depth that can be detected.113 Conventional backscattered 
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Raman spectroscopy can be considered as SORS with no offset (∆s=0), where both the 
illumination and acquisition points overlap providing information from a smaller tissue 
volume (shown in red in Figure 8). The loss of intensity due to fluorescence originating at the 
surface and photons propagating sideways within the surface layer are considerably 
minimized as a result of the lateral offset.  
As mentioned earlier, Matousek and Stone combined the concept of SERS and SORS and 
coined the term surface enhanced spatially offset Raman spectroscopy (SESORS).105, 108 
They employed a commercially available SERS imaging agent known as Oxonica SERS 
nano-tags comprising of SERS-barcoded gold NPs encapsulated by a silica shell. They were 
able to detect the SERS-barcoded NPs in porcine tissue at depths of up to 50 mm. Matousek 
and co-workers utilized experimentation and Monte Carlo simulations to demonstrate that the 
transmission geometry was invariant to sample thickness, whereas, with backscattered 
geometry the intensity decreased by ~4 orders of magnitude while probing from a depth of 3 
mm in a 4 mm thick tablet.114 Although it was clearly shown that transmission SORS 
geometry could achieve higher penetration depths, the backscattering approach may be of 
more practical clinical application for diagnostic imaging purposes.  
Due to the above discussed limitations, it becomes challenging to achieve detection from 
deeper tissue layers in a clinic relevant backscattered set-up. Thus, in order to obtain an 
adequate SERS detection signal from inside a tissue samples (few millimeters to few 
centimeters, as in skin and/or breast cancer biopsies), it is extremely important to be able to 
maximize the SERS signal from the NP imaging agent. The SERS imaging agent used in the 
above mentioned studies have been reported to consist of primarily single gold NPs.115 A 
feature of single spherical NPs is that the relative SERS enhancement can be low compared 
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with nanoshells, nanorods, dimers or higher order aggregated assemblies.76, 77 Gold NPs have 
been synthesized in different shapes including nanospheres,82, 116, 117 nanoshells,118 
nanorods,119 and other varied shapes.120 Among them, nanoshells, nanostars and nanorods 
demonstrate high SERS enhancement by virtue of their shape.87, 102 But the improved SERS 
for NP arrays or assemblies are primarily due to the higher NP junction densities or “hot-
spot” densities created in the nanostructure.85,87,89,92,102 Hence, there could be significant 
benefits to the sensitivity of SESORS by using an imaging agent that is comprised of NP 
assemblies, but to the best of our knowledge, there have been no reported attempts to do this.  
 
1.9 Gold NP assemblies as potential SERS agents with enhanced activity 
Thus, summarizing from the above discussions, gold NP assemblies with engineered size, 
shape, surrounding medium, interparticle distance and higher NP junction density or hot-spot 
density may provide high SERS activity. Such NP assemblies in combination with the SORS 
technique may be the future of the SERS imaging agents.  
When Raman-active molecules are adsorbed in the NP junctions or “hot-spots”, their Raman 
signals are further enhanced.76-78, 121 This phenomenon occurs due to the enhanced 
electromagnetic field created at these NP junctions as demonstrated in Figure 9. It also shows 
the SERS intensity as a function of aggregation, both in cartoon and simulated form. This 
motivated us in developing gold NP assemblies to improve the SERS activity. 
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Figure 9. Cartoon and electromagnetic intensity profile of (A) a single gold NP, and (B) 
aggregated gold NPs. (C) SERS signal enhancement of the Raman-active molecule (indicated 
by the red star in A and B) for the single and aggregated NPs. Adapted with permission from 
Ref. 76, 122, 123.  
 
1.10 Fabrication strategies for formation of gold NP assemblies 
Recent reviews by research groups of Tsukruk,79 Graham121 and van Duyne80 summarizes, in 
great details, the various approaches explored in creating nanostructures in an effort to 
improve SERS properties. Recent reviews on formation of NP assemblies by Liz-Marzan81 
and Graham121 summarizes the different strategies employed. Highly ordered SERS 
substrates (like arrays, assemblies etc.) can be prepared by methods including Langmuir 
Blodgett (LB) method, template method, nano-lithography and nano-imprint methods, and 
chemical self-assembly.85-89, 92 A few studies have been listed below to provide some 
background of the development of the NP assemblies. 
The LB technique has been quite popular in the past decade.87, 88, 124 It involves dissolving an 
amphiphilic molecule in a volatile solvent immiscible in water. This solution after 
evaporation forms a monolayer film, packed with nanostructures, at the water−solvent 
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interphase. Yang’s group88, 90, 124, 125 has demonstrated that spherical and cubic NPs can easily 
form a highly ordered close-packed film, whereas nanorods and nanowires form less ordered 
structures as they tend to align in particular directions. 2D anodic aluminum oxide (AAO) 
nanopore templates have also been used to form self-assembled nanostructures.85,86 Though 
the process is simple and highly reproducible, the interparticle spacing is dictated by the 
thickness of the templates, which are generally ~10 nm or above and thus possess a limitation 
on the lower limit of the achievable nanogap. Nanosphere lithography is another technique to 
form ordered SERS substrates, by assembling nanospheres onto substrates (glass, ITO, Si or 
metal film) and then depositing the NPs by either physical vapor deposition or 
electrochemical deposition.126 This technique suffers from the imperfections like point or line 
defects when employing a NP of size <200 nm and hence hampers the SERS reproducibility. 
The ultimate method to obtain highly ordered array is to use top-down nano-lithography and 
related nano-imprint methods. It is similar to patterning a polymeric photoresist film and 
creating a mold, which is thereafter used as substrate for depositing SERS-active metals by 
vacuum vapor deposition. Although the technique is quite precise, it is a challenge to obtain a 
spacing of less than 10 nm.  
Though the above discussed methodologies can be used to form NP assemblies, they do not 
match our requirements. Firstly, the NP assemblies should posses physiochemical stability 
and be in an injectable colloidal form for biomedical applications. Secondly, highest SERS 
enhancements can be obtained with nanogaps of <10 nm.87 Thus, a stable colloidal NP 
assembly with nanogaps of <10 nm would fulfill the requirements. 
Chemical self-assembly of colloidal NPs furnishes the possibility of forming colloidal NP 
assemblies with sub-10 nm nanogaps. One of the main strategies involved in forming the NP 
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assemblies, as pointed out in the reviews of van Duyne,80 employed destabilization by 
altering the electrostatic interactions of the NPs. This was achieved by addition of ions or 
salts to the colloid. The major problem with this system is fast and uncontrollable 
aggregation, resulting in the assemblies “crashing out” of solution within minutes, rendering 
them unsuitable for use as a SERS imaging agent. The other strategy was to use molecular 
linkers.92, 123, 127-132 The advantage of this methodology is that by controlling the linker size 
and functionality, formation of NP assemblies could be controlled.  
 
1.11 Molecular linker mediated formation of gold NP assemblies 
The research that have been dedicated to the field of linker mediated NP assemblies can be 
broadly classified based on the type of linker molecule used, type of interaction employed- 
electrostatic or chemical, type of linker chemical functionality and linker functional density- 
mono-functional or multi-functional. 
Structural molecular linkers like biomolecules-DNA and antigen-antibody complexes,131, 133-
135 organic molecules,128, 136-140 polymers,123, 127, 141, 142 and dendrimers143 have been reported 
to be used for assembling gold NPs. A brief review of the work has been presented in a 
graphic form in Figure 10. Su et. al.144 have employed small organic molecules such as 8-
azaadenine or methylene blue, which was also acted as the Raman tag, to form gold NP 
assemblies. These were referred to as Composite Organic-Inorganic Nanoparticles (COINs) 
and prove to be efficient SERS substrates. Both Warner et. al.145 and Wang et al.146 reported 
formation of organized 1D linear gold NP assemblies, by employing DNA and 
chitosan−ninhydrin bioconjugate as linkers, respectively. Linkers in Figure 10 can be 
classified into two broad classes depending on the ease of tailoring them. Protein, virus and 
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DNA structures have low tailorability compared to organic molecules and polymers (linear 
and dendrimeric polymers). It is well known that, colloidal nanoassemblies with nanogaps of 
0-10 nm80, 81, 87 are capable of high SERS enhancements in the order of 106-1010. Hence 
linkers of size <10 nm have significantly higher potential for forming NP assemblies with 
improved SERS for possible use in nanomedicine. 
 
Figure 10. Molecular linkers employed in the self-assembly of gold NPs. Adapted with 
permission from Ref. 139 and 147. 
 
Molecular linkers generally incorporate functional groups that are known to interact with 
gold surfaces, some of which include thiols,130 disulfides,148 isothiocyantes,149 terminal 
acetylenes,150-152 diisocyanide,153 iodoperfluorobenzenes,154 trithiocarbonates,155 and 
dithioesters155,156 for mediating the self-assembly process. Thereby, tailored polymeric or 
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organic linkers, with functional groups having affinity for gold and a sub-10 nm size, seems 
promising for our applications.  
Mono-functional linkers−polymers or organic molecules, typically results in stabilizing the 
NPs.157-159,44 However, when multi-functional linkers are employed, they form assemblies of 
NPs. Efforts have been reported, where alkanethiols,130 siloxanes,160 aminosilane,92 cage 
structures like cucurbit uril132, 161 and polyhedral oligomeric silsesquioxane (POSS)162 etc., 
have been successfully employed as linkers. A couple of notable studies with multi-functional 
organic molecules, linear polymers and dendrimeric polymers have been reviewed briefly. 
Zhong and co-workers128,140 have demonstrated the formation of gold NP assemblies by 
utilizing specifically designed multi-functional organic molecules, particularly methylthio 
arylethynes (MTA) as linkers. They report assemblies of gold NPs of size 50-500 nm with the 
MTA linker in the presence of tetraalkyl ammonium bromide. An effect of the number of the 
anchoring groups (2-4 per molecule) was studied, which resulted in spherical nanostructures. 
These assemblies with the MTAs acting as both the linker and Raman tag provided a SERS 
signal enhancement of ~104. Polavarapu and Xu123 employed a linear polymeric linker, with 
multiple cationic sites, to induce solution-phase aggregation of citrate (anionic) stabilized 
gold NPs. An adjustment of the polymer to gold NP ratio resulted in 1D and 3D type 
assemblies. By employing Rhodamine 6G as the Raman tag molecule they realized a Raman 
signal enhancement of ∼109 with nanoassemblies deposited on a quartz slide. In an elegant 
“bricks and mortar” approach, Rotello and co-workers127, 143 have shown that gold NP 
assemblies can be systematically fabricated, where functionalized gold NPs act as the 
“bricks” and polymers bearing complementary functionality (with respect to the gold NP 
functionality) serve as the “mortar”. Linkers including POSS,162 linear block copolymers,127 
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and dendrimeric polymers163 have been reported. In their study with the linear block 
copolymer,127 they described that longer chain length i.e., higher functional density per 
polymer resulted in bigger assemblies with more NP junctions. Poly(amidoamine) (PAMAM) 
dendrimers were also employed to self-assemble gold NPs, by utilizing the electrostatic 
interactions between an amine-functionalized dendrimer and a carboxyl-functionalized gold 
NP (“bricks and mortar” strategy), as shown in Figure 11.143 The resulting nanostructure was 
obtained in a film-like form and demonstrated an interparticle distance of ∼2 nm. Rotello and 
co-workers have successfully shown that by manipulating the size of the “mortar” dendrimer 
they could tune the interparticle distance and reported a secondary SPR absorbance at around 
590 nm for such nanostructures. It was interesting to note that with a dendrimeric linker of 
~4.5 nm a nanogap of ~2 nm was obtained, suggesting that these multi-functional polymeric 
structures collapse on attachment to NP surfaces. Pan et. al.129 have utilized a similar 
approach for formation of gold NP assemblies by employing thiol-terminated dendrimers, 
which utilizes a S−Au chemical binding. The scheme has been described in Figure 12.  
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Figure 11. Schematic representation of “bricks and mortar” approach of self-assembly 
resulting from electrostatic attraction of (a) carboxyl acid-terminated gold NPs and (b) 
PAMAM dendrimers forming (c) NP assemblies as films, illustrating (d) the control over 
average inter-particle spacing by dendrimer size and generation (G0, G1, G2 and G4). 
Adapted with permission from Ref. 163.  
 
 
Figure 12. (A) Chemical structure of a 3rd generation dendrimer (G3.0-SH), (B) Mechanism 
for the dendrimer linker-mediated self-assembly of gold NPs. Step 1, gold NPs surrounded 
by several dendrimer molecules; Step 2, formation of dendrimer–gold self-assembled 
network by interaction with each other, and (C) High resolution TEM images of different 
generation dendrimers used to control the inter-particle spacing. Adapted with permission 
from Ref. 129. 
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Although formation of multi-functional linker mediated assemblies were studied to some 
extent, there have been no efforts reported in the direction of utilizing such assemblies as 
improved SERS agents for use in nanomedicine. This motivated us to engage in the 
development of gold NP assembly structures, mediated by tailored multi-functional linkers, 
and thereafter examine the determining factors in the formation and manipulation of the 
physical, optical and spectroscopic attributes of these assemblies. A systematic study in this 
area would uncover a lot of information leading to a better understanding of the assembly 
process and help in building the repository of knowledge. Our ultimate ambition was to 
explore the potential use of these engineered nanoassemblies as SERS imaging agents in 
nanomedicine. Any advances in this field of research, would provide insight into the possible 
direction that has potential for pre-clinical research. Our strategy was to employ multi-
functional polymeric linkers, particularly hyperbranched polymers, as a potential linker for 
mediating the assembly process. 
 
 1.12 Tailor-made hyperbranched polymers as potential molecular linkers for mediating 
gold NP assemblies 
Multi-functional macromolecules of sub-10 nm size and customizable functional end group 
density are the key attributes required in the potential linker. Though, organic molecules and 
dendrimeric polymers fit the description, their synthesis procedure involves a multi-step, 
tedious and time-consuming process. In addition, incorporation of functional end groups or 
multiple branches (or arms) in the macromolecular structure often requires either different 
starting core structures or multi-step synthesis and purification processes.140, 143, 164  
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In contrast, another class of multi-branched polymeric structures known as hyperbranched 
polymers (HBP) can be prepared from a simple, one-step synthesis and purification process. 
The synthetic route allows the flexibility to control the number of functional end groups by 
controlling the number of branches, in a one-pot method.165, 166 HBPs are often described as 
less perfect branching structures as compared to dendrimers, as shown in Figure 13. Such 
easily synthesizable HBPs possess properties like a dendrimer, for example globular shape, 
high degrees of functionality, good solubility and low viscosity, and thus provides a cheaper 
alternative to dendrimers.164, 167 Among other applications, HBPs have also been employed in 
the biomedical field, which has been demonstrated in the literature.20, 168, 169  
 
Figure 13. Schematic structure of linear polymer, dendrimer and hyperbranched polymers. 
Green and red circles indicates the end groups and silver circles indicates the monomeric 
units. 
 
1.13 RAFT polymerization−a method to synthesize hyperbranched polymers 
Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization, a type of 
controlled living radical polymerization, has been extensively studied and reported.170, 171 
Controlled molecular weight and low polydispersities are few of the many attributes of the 
polymers synthesized by RAFT technique. It generally utilizes a capping or RAFT agent that 
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contains a thio moiety C=S, specifically dithioesters or trithiocarbonates, which is active 
towards radical addition. The polymerization works by fragmentation of the RAFT agent into 
a “Z chain-transfer group” and “R leaving group” and engaging in the addition of the 
unsaturated monomer via the C=S moiety. This addition and fragmentation results in 
consecutive monomer addition forming a polymer with two end groups derived from the Z 
and R group of the RAFT agent. Thus, the RAFT agent which contains a C=S, mostly a 
dithio or a trithio moiety, polymerizes into a RAFT polymer with dithio or trithio as one of 
the end groups. Hence, the RAFT polymerization technique provides us with a controlled 
polymer with sulfur containing end groups, which can be utilized to direct the assembly of 
gold NPs, due to its strong affinity towards gold. It thus eliminates the requirement of any 
post-modification steps which would otherwise be required to incorporate functional groups 
with affinity for gold. There is also a possibility of introducing another functional group with 
affinity for gold via the “R group” as the other end group in the polymer. 
Synthesis of polymers with specific end groups by a RAFT technique has also been 
studied.171-174 More recently, the use of a branching agent has been reported to produce HBPs 
in a simple one-pot method with the RAFT technique.175, 166 The same studies also illustrate 
the possibility of obtaining HBP with varying number of branches or end group density (i.e., 
number of functional groups with affinity for gold per polymer macromolecule) by 
manipulating the polymerization parameters. A study by Münnemann et. al.168 demonstrates 
a good control over the branch and end group density of the HBP and reports a 
hydrodynamic size of <10 nm. These characteristics of a RAFT synthesized HBP makes it an 
ideal candidate as a macromolecular linker for mediating the formation of gold NP 
assemblies. 
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1.14 Research questions 
To the best of our knowledge, there has been no reported work involving tailor-made HBPs 
as macromolecular linkers in the formation of colloidal gold NP assemblies. Thus, our 
research focused on devising a simple methodology for assembling gold NPs into stable 
colloidal nanostructures by employing tailored sub-10 nm sized HBPs as the multi-functional 
linkers. Validation of this strategy was our primary concern. Our secondary intention was to 
acquire an in-depth understanding of the role of the major parameters in the formation of 
these assemblies and their physical, optical and spectroscopic properties. This would lead to 
the enrichment of the knowledge of the scientific community in the field of linker mediated 
self-assembly process. Thereafter, these NP assemblies could be investigated for potential 
applications in imaging and diagnosis. In summary, it was the aim of this research project to 
develop novel hybrid polymer/gold NP assemblies, as efficient SERS imaging agents, which 
along with specialized Raman spectroscopy techniques could be employed as a highly 
sensitive imaging tool for detection from within tissue layers. This could lead to potential 
diagnosis of cancer especially in ex vivo cancer biopsies and in vivo skin and breast cancers. 
Our research aim could thus be expanded into the following specific goals or research 
questions:  
1. The possibility of RAFT synthesized hyperbranched polymers (HBP) for forming 
stable assemblies of gold NPs.  
a. Synthesis of gold NPs by the citrate reduction method along and the effect of 
different reaction conditions affecting the size and concentration of the NPs in 
the colloid. Its characterization by UV-Vis spectrometry, particle size by 
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Dynamic Light Scattering (DLS), Transmission Electron Microscopy (TEM). 
This has been addressed in Chapter 2. 
b. Synthesis of RAFT hyperbranched polymers (HBP) starting with the synthesis 
of a suitable RAFT agent. Understanding the effect of polymerization 
conditions for controlling the HBP properties specifically number of branches, 
number of anchoring end groups, molecular weight, polymer hydrodynamic 
size etc. Techniques such as 1H NMR, ATR-FTIR, DLS and GPC-MALLS for 
assessing composition, molecular weight, end group density and size of 
polymers. This has been addressed in Chapter 2 and 3. 
c. Devising a simple methodology for preparation of hybrid gold NP assemblies 
mediated by HBPs. Different analysis techniques of UV-Vis, DLS, different 
TEM techniques such as conventional, cryo-, tilted and tilted-cryo along with 
AFM to obtain a complete understanding of the structural properties of these 
NP assemblies. This has been addressed in Chapter 2. 
 
 
2.  Study of the key parameters affecting the formation and properties of the NP 
assemblies.  
a. The role of HBP concentration, branch or end group density, etc. in the 
formation and properties of NP assemblies. This has been addressed in 
Chapter 2 and 3. 
b. Development of methodologies to prepare gold NP assemblies with different 
morphologies and control over the NP density per assembly and SERS 
activity. This has been addressed in Chapter 2, 3 and 4. 
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3. Detailed study of the SERS activity of the Raman barcoded HBP/gold NP hybrid 
assemblies. 
a. Increment and better control of the SERS “hot-spot” density should impart 
improved and controlled SERS activity. This has been addressed in Chapter 
2, 3 and 4. 
b. The morphology dependence of SERS activity will also be explored. This has 
been addressed in Chapter 3. 
c. Understand the contribution of the HBP polymeric linker occupying the hot-
spots in the SERS performance of the Raman barcoded assemblies. This has 
been addressed in Chapter 3 and 4. 
d. Testing of different tags to judge their efficiency and thereafter select the best 
one for diagnostic applications. This has been addressed in Chapter 2. 
e. Multiplexing ability, an important property for biodiagnostics applications. 
This has been addressed in Chapter 4. 
 
 
4. Investigation of the possibility of Raman barcoded NP assemblies as imaging 
agents for ex vivo (animal tissue) detection employing specialized Raman 
spectroscopy techniques. This has been addressed in Chapter 5. 
a. Possibility of using spatially offset Raman spectroscopy (SORS) technique to 
determine the efficiency of the NP assemblies with respect to single gold NPs 
as the SERS agent.  
b. Possibility of using spatially offset Raman spectroscopy (SORS) technique to 
be able to achieve higher detection depths for diagnostics. 
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ABSTRACT 
 
In the past few years, remarkable progress has been made in unveiling novel and unique 
optical properties of strongly coupled plasmonic nanostructures. However, application of 
such plasmonic nanostructures in biomedicine remains challenging due to the lack of facile 
and robust assembly methods for producing stable nanostructures. Previous attempts to 
achieve plasmonic nano-assemblies using molecular ligands were limited due to the lack of 
flexibility that could be exercised in forming them. Here, we report the utilization of tailor-
made hyperbranched polymers (HBP) as linkers to assemble gold nanoparticles (NPs) into 
nano-assemblies. The ease and flexibility in tuning the particle size and number of branch 
(and end groups) of a HBP, makes it an ideal candidate as a linker. We report a strong 
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correlation of polymer (HBP) concentration with the size of the hybrid nano-assemblies and 
“hot-spot” density. We have shown that, compared to monodispersed NP systems, such 
solutions of stable HBP-gold nano-assemblies provide improved surface-enhanced Raman 
scattering (SERS), achieving an enhancement factor (EF) of 4.5 x 104 (in solution phase), 
with methylene blue as a SERS tag. As a result of their improved SERS performance these 
Raman barcoded hybrid nano-assemblies might find potential applications as diagnostic tools 
in nanomedicine. 
 
GRAPHICAL ABSTRACT 
 
 
 
 
 
INTRODUCTION 
Successful efforts during the last decade have resulted in novel colloid chemistry methods for 
controlled assembly of plasmonic nanoparticles (NPs). Noble metal NPs are excellent 
candidates as plasmonic building blocks because of both their chemical inertness and their 
ability to support localized surface plasmon resonances (LSPR) in the visible to near infrared 
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(NIR) regions. When plasmonic NPs are close to each other, individual plasmon oscillations 
can couple via near-field interactions, resulting in coupled LSPR modes,1, 2 which strongly 
impacts the distribution of the electric field around the nanostructure.3 A number of recent 
studies have demonstrated applications based on the use of plasmonic NPs, including 
catalysis,4 imaging or detection of either biologically5-8 or environmentally relevant 
analytes.9, 10  
When Raman active molecules are adsorbed in the interstitial gaps between nanoparticles 
(NPs) within NP assemblies (often referred to as “hot-spots”), their Raman signals are 
dramatically enhanced, a phenomenon known as surface-enhanced Raman scattering 
(SERS).11-14 Thus, one of the major areas of research comprising NP assemblies focuses on 
the development of barcoded NPs for biodetection and labeling with SERS.15-17 Advanced 
sensor devices based on barcoded NPs would be capable of monitoring multiple parameters 
in a complex mixture along with the possibility of selectively imaging parts of the organs, 
tissues or cells within living organisms.18 Major requirements for these barcoded NPs include 
“hot-spot” activity and size. A high “hot-spot” density allows efficient NP identification 
through SERS, thus avoiding structural damage of biomolecules, which is essential when the 
NPs are used for imaging in living organisms (tissues or cells). Size is another key parameter, 
especially when dealing with the migration of NPs into the cells via the enhanced 
permeability and retention (EPR) effect.19, 20 Liz-Marzan and co-workers21 in a recent review 
have pointed out that the available SERS-barcoded assemblies are usually large and their size 
either completely inhibits migration into the cell or results in the inclusion of only a very 
small number of ‘‘big particles’’, dramatically decreasing the spatial resolution for imaging 
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purposes. Thus, there is scope for the development of plasmonic assemblies of a suitable size 
range and SERS activity for applications in biodiagnostics.  
Three main approaches to direct the assembly of discrete NPs can be summarized as: (i) 
asymmetric functionalization of the linkers to the NP building blocks, (ii) control of the 
aggregation kinetics by destabilizing the electrostatic interactions of a colloidal system and 
(iii) use of molecular linkers. Among them, the most promising and versatile approach is the 
use of molecular linkers, which allows the possibility to tailor the assembly size, “hot-spot” 
density and interparticle distance. Researchers have utilized various molecular ligands 
including DNA, small organic ligands and polymeric ligands as linkers to self-assemble gold 
NPs. While DNA22-24 has the ability to precisely control the assembly, it lacks structural 
rigidity and bending properties, and thus it has been challenging to use it as a versatile linker. 
Tailor-made organic and polymeric ligands with functional groups, known to interact with 
gold surfaces, include thiols,25 disulfides,26 isothiocyantes,27 terminal acetylenes,28-30 
isothiocyanates,31 iodoperfluorobenzenes,32 trithiocarbonates,33 and dithioesters.33,34 Self-
assembly of monofunctional polymers or small molecules around gold NPs has been 
achieved using a number of these functionalities, which typically results in stabilized single 
NPs.35-37,38 However, when polyvalent polymers or small molecules are used, they can direct 
the self-assembly of gold NPs. For example, efforts have been reported, where alkanethiols,25 
siloxanes,39 aminosilane,40 cucurbit[5]uril41 etc, have been successfully employed as linkers. 
Polavarapu et. al.42 employed a cationic polymer to induce solution-phase aggregation by 
adjusting the polymer to gold NP ratio. The formed gold nanochains acted as SERS substrate 
attaining an enhancement factor (EF) of ∼8.4 x 109 with Rhodamine 6G. Rotello and co-
workers43, 44 have shown that gold NP assemblies can be systematically constructed by a 
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“bricks and mortar” approach, where recognition element functionalized gold NPs act as the 
“bricks” and polymers bearing complementary functionality serve as the “mortar”. They have 
successfully demonstrated that poly(amidoamine) (PAMAM) dendrimers can be employed to 
self-assemble gold NPs, via electrostatic interactions, resulting in a film with an interparticle 
spacing of ∼2.1 nm. Pan et. al. 45 have shown similar behavior for gold NP assemblies 
utilizing thiol-terminated dendrimers. In particular, Zhong and co-workers46,47 have 
demonstrated an elegant approach in a series of publications showing that spherical 
assemblies of gold NPs can be prepared from solution by using specifically designed 
tridentate and tetradentate thioethers as mediators in the presence of tetraalkyl ammonium 
bromide. They have shown that the interparticle spacing and structures of the nanoparticle 
assemblies can be manipulated by the different shapes (I, V, X, Y) of the rigid methylthio 
arylethynes (MTA). Depending on the number of interacting thio groups (which varied with 
the shapes), they achieved an assembly size in the range of 50-500 nm and SERS EF of (1-6) 
x104 with the MTAs comprising the “hot-spots”.47 Such solutions of stable assemblies are an 
appealing prospect for developing active SERS probes for application in biodiagnostics. 
There has been some investigation and success in forming gold NP assemblies by utilizing 
multi-branch structures like multi-dentate small molecular ligands and dendrimers. However, 
preparation of these multi-dentate structures involves multi-step syntheses and purification 
processes, as well as complex procedures to incorporate more branches. In contrast, synthesis 
of multi-branched structures like hyperbranched polymers (HBP) involves a one-step 
synthesis and purification process. Their synthesis mechanism allows the flexibility to 
introduce and control the number of branches in a one-pot method. HBPs also find 
application in biomedical setting which has been widely demonstrated in the literature.48,49 
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In this work, we introduce a new preparative rationale for hybrid gold nano-assemblies and 
demonstrate that HBPs can be employed to direct the self-assembly of gold NPs. Such 
assemblies in addition to being active as SERS probes, may have the potential for 
bioconjugation and drug incorporation via the functional end groups of the HBPs. HBPs with 
functional end groups that have affinity for gold surfaces (i.e. trithiocarbonate or dithioester 
end groups33), can be readily synthesized by Reversible Addition-Fragmentation Chain-
Transfer (RAFT) polymerization.50 Hence, RAFT-synthesized HBP presents itself as a 
potential linker for directed assembly of gold NPs. Here, we investigate the parameters that 
affect the self-assembly of gold NPs mediated by HBPs and their application as a SERS 
probe.  
 
Scheme 1. (A) Structural difference between linear, hyperbranched and dendritic polymers, 
(B) Synthesis scheme of hyperbranched polymers using Reversible Addition-Fragmentation 
Chain-Transfer (RAFT) polymerization technique, (C) Scheme for the formation of hybrid 
HBP-gold nano-assemblies, and (D) Scheme for barcoding of the hybrid nano-assemblies 
with a Raman tag molecule. 
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METHODS 
Materials. Prior to use, Polyethyleneglycol monomethylether methacrylate (PEGMA-475), 
ethylene glycol dimethacrylate (EGDMA) and 1,4-dioxane were purified by passing through 
a column of basic alumina. Azobisisobutyronitrile (AIBN) was recrystallized from methanol. 
All of the above were obtained from Sigma Aldrich. Tetrachloroauric acid and trisodium 
citrate were obtained from PST and used as received. Methylene blue, adenine, indocyanine 
green and 2-quinolinethiol were obtained from Sigma Aldrich. Deuterated chloroform 
(CDCl3) from Sigma Aldrich was used as a NMR solvent and tetrahydrofuran (THF) was 
used as the GPC solvent. Ultra-pure water (18 MΩ) was used in all experiments. 
Synthesis of citrate stabilized Gold NPs. Gold NPs were synthesized by a slight variation 
of Frens51 and Turkevich52 method. 100 mL of 0.3 mM HAuCl4.3H2O was brought to boil. 
4.3 mL of trisodium citrate solution (1 wt%) was added, after which the solution started to 
turn purplish and finally red. The reaction was refluxed for 10 min. A 2 nM gold colloid was 
thus obtained with λSPR at 519 nm, a TEM median diameter of 17 ± 1 nm and DLS mean 
diameter of 18 ± 3 nm. 
Synthesis of RAFT hyperbranched polymers (HBP). The RAFT agent was synthesized in 
two steps-firstly the carboxyl derivative was synthesized following the literature method53 
and then it was converted to its alkyne derivative by reacting it with propagyl alcohol. The 
product was characterized by 1H NMR and the alkyne derivative was used as the RAFT agent 
in the polymerization. HBPs were prepared by polymerizing polyethylene glycol 
monomethylether methacrylate (PEGMA) (monomer) with ethylene glycol dimethacrylate 
(EGDMA) (branching agent) which was initiated by azobisisobutyronitrile (AIBN), in the 
presence of dimethyl (prop-2-ynyl propanoate)yl butyl trithiocarbonate as the RAFT, where 
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dioxane was used as a solvent (Refer to Scheme 1B). The reaction mixture was degassed with 
argon and the polymerization was carried out at 75 ºC for 24 h. A ratio of 
[M]/[RAFT]/[EGDMA]/[AIBN] = 20/1/1/0.1 was employed. The polymerization reached 
~96% conversion, as determined by Raman spectroscopy where the consumption of the 
double bonds during the reaction was monitored. The polymer was then precipitated in n-
hexane and its aqueous solution dialyzed for 5 days against water. The dialyzed samples were 
freeze dried for 2 days. They were further dried over magnesium sulfate and finally overnight 
in oven to remove the last traces of water. The samples were analyzed by 1H NMR and GPC-
MALLS. The Mn of the branch was calculated by the ratio of methylene groups of 
p(PEGMA) to that of methylene group adjacent to the terminal alkyne end group i.e., ratio of 
peak integrals at 4.0 ppm (CH2CH2O) to 4.6 ppm (CH2CCH) from 1H NMR. Thus, 
calculating the number of branches from the ratio of GPC-MALLS Mn and Mn of the branch 
from NMR, detailed calculation by Thurecht and co-workers.49,50  
Preparation of hybrid HBP gold nano-assemblies. 50 µL of the HBP stock solution (0.1-
100 µM concentration) was added to 3 mL of 2 nM citrate stabilized gold NPs and vortexed 
for 2-3 min. The colloid, which was still red in color, was left standing overnight, to form an 
“intermediate hybrid” of gold NPs coated with varying degrees of HBP. It was hypothesized 
that these NPs would have free RAFT end groups (trithiocarbonate and alkyne) available to 
act as anchoring points for further network formation with additional gold NPs. This colloid 
was centrifuged at 14,500 rpm for 6 min and the supernatant discarded to remove the 
unbound polymer. The colloid was then re-suspended in a minimum amount of water thus 
obtaining 30 µL of “intermediate hybrids” of concentration 100 nM. An equimolar amount of 
centrifuged gold NPs i.e., 30 µL of 100 nM was added to the red “intermediate hybrid” 
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colloid and mixed by a vortex mixer for a minute. The colloid was then allowed to stand for 
3-4 h. The process is shown in scheme 1C. The dispersion was then diluted with ultrapure 
water to obtain a concentration of 6 nM and analyzed by UV-Vis, DLS and SERS. All the 
samples were designated with the stock solution concentration. 
Preparation of Raman barcoded hybrid nano-assemblies. 40 µL of 10-5 M methylene blue 
was added to the 6 nM hybrid nano-assemblies (Scheme 1D), to form barcoded nano-
assemblies. 
Characterization. 1H NMR - Proton Nuclear Magnetic Resonance (1H NMR) spectra was 
recorded using a Bruker 300 MHz spectrometer (Bruker BioSpin). Deuterated choloroform 
was used as the solvent.  
GPC-MALLS - Molecular weights and molecular weight distributions were determined by 
size exclusion chromatography using a Waters HPLC system calibrated with polystyrene 
standards. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mLmin-1. A 
dn/dc value of 0.06 was used for calculating the Mw of the p(PEGMA) hyperbranched 
structures from MALLS set-up.  
UV-Vis spectroscopy - Ultraviolet-Visible spectra was acquired using a Varian Cary 100 in 
the range of 400-900 nm with a 1 cm path length cell, with baseline correction.  
Dynamic Light Scattering (DLS) - DLS measurements were performed using a Malvern 
Zetasizer Nano Series running DTS software and operating a 4 mW He–Ne laser at 633 nm. 
Analysis was performed at an angle of 90º and a constant temperature of 25°C. Dilute 
particle concentrations were used to ensure that multiple scattering and particle–particle 
interactions could be considered to be negligible. 
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Transmission Electron Microscopy (TEM) - A JEOL 1010 transmission electron microscope 
was used to study the NP morphologies on 200 mesh holey C-coated copper grids at 100 keV. 
As-prepared hybrid samples were diluted 100 times and deposited on TEM grids, so as to 
minimize the drying artefacts otherwise observed with higher concentrations (See Figure S1 
in Supporting Information). The median sizes were determined using the iTEM software by 
measuring ∼110-120 individual assemblies per sample.  
Raman spectroscopy - SERS spectra was recorded with 4 accumulations in the spectral range 
200 - 2000 cm-1 with a Renishaw model InVia micro Raman spectrometer equipped with 785 
nm excitation from a diode laser, a single diffraction grating and an electrically cooled CCD 
detector. The laser power was ~20 mW at the sample. Low volume quartz cuvettes were used 
as sample holders. 
Infrared spectroscopy - Attenuated Total Reflectance-Fourier Transform Infrared (ATR-
FTIR) spectra with 256 scans and a resolution of 4 cm-1, was obtained on a Nicolet Nexus 
5700 FTIR spectrometer equipped with a Nicolet Smart Orbit single bounce, diamond ATR 
accessory (Thermo Electron Corp., Waltham, MA).  
 
RESULTS AND DISCUSSION 
Synthesis of hyperbranched polymers using RAFT. Reversible Addition-Fragmentation 
Chain-Transfer (RAFT) polymerization is a controlled living radical polymerization 
technique with benefits of utilization of large variety of monomers to yield low polydisperse 
polymers while retaining the RAFT end groups.54, 55 We used a RAFT agent with a butyl 
trithiocarbonate group at one end (the "Z-group") and an alkyne end group (the leaving group 
"R-group") at the other (as shown in scheme 1B). The degree of branching in a 
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hyperbranched polymer (HBP) system can be controlled by manipulating the polymer 
conversion, molar ratios of branching agent to the RAFT agent, and monomer 
concentration.56 At low branching, it generally forms a 2-branch structure, whereas, at higher 
degrees of branching, it gels. Soluble HBPs with optimum branching was found to occur at 
higher conversions, 1:1 molar ratios of branching agent and the RAFT agent, with a 
monomer concentration of 1 molL-1. The number of branches was calculated based on the Mn 
of the HBP, determined from GPC-MALLS and Mn of a linear chain from 1H NMR. A 
p(PEGMA) HBP with Mw=100 kDa, number of branches Nb=4 (i.e., 4 trithiocarbonate end 
groups and 4 alkyne end groups) and hydrodynamic diameter Dh= 8.5 ± 2 nm was 
synthesized and used in the subsequent steps to mediate the formation of gold nano-
assemblies. Similar data were obtained by Münnemann et al.,49 for their HBP structures. 
 
Formation of HBP mediated hybrid nano-assembly. Our strategy was to use a three step 
process: (i) HBP coated gold NPs, referred to as the “intermediate hybrids”, were prepared, 
(ii) excess polymer and citrate were removed by centrifuging thereby concentrating the 
“intermediate hybrids” and (iii) these “intermediate hybrids” were further added to equimolar 
gold NPs, to form “hybrid nano-assemblies”.  
When HBP was added to the gold colloid, due to the affinity of the trithiocarbonate33 and 
alkyne28-30 end groups for gold NPs, they bind to the gold NP surface forming HBP coated 
NPs, referred to as the “intermediate hybrids”. As the HBPs have multiple end groups, it is 
hypothesized that the intermediate hybrids will have unbound trithiocarbonate and alkyne 
end groups on their surface, which are available to interact with additional gold NPs and thus 
act as the anchoring sites for self-assembly of the hybrid nano-assemblies. A concentration of 
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1 µM of HBP stock solution was added to a 2 nM gold NP colloid to prepare the intermediate 
hybrids with final HBP concentration of ∼16.3 nM (sample designated as- intermediate 
hybrid- “1 µM”). Hence, the intermediate hybrid “1 µM” has ∼8 HBPs/gold NP (Refer to 
Table S1 and Supporting Information for detailed calculations). At this stage λSPR had shifted 
slightly from 519 to 521 nm (See Figure S2 in Supporting Information), DLS mean diameter 
increased from 18 ± 3 nm to 33 ± 5 nm and the zeta potential dropped from -50 mV to -14 
mV. These results all indicate that the HBP has self-assembled around the gold NP, but also 
show that aggregation has not occurred. The TEM image of single NP as shown in Figure 2B, 
confirms the presence of polymer coating, seen as a halo around the gold NPs.  
The unreacted HBP and excess citrate was removed from the intermediate hybrids by 
centrifugation. They were then re-suspended in minimum water, increasing the concentration 
from 2 nM to 100 nM (designated as ‘X’ NPs). Similarly, the excess citrate was removed 
from an equimolar citrate stabilized gold colloid to concentrate it to 100 nM (designated as 
‘Y’ NPs). This step is crucial for the formation of hybrids nano-assemblies, as otherwise the 
unreacted HBP and excess citrate might have a stabilization effect hindering the possible 
interactions between the NPs. Concentrating the NPs also increases the possibility of 
interaction of the unbound RAFT end groups to other nearby NPs, thus facilitating formation 
of nano-assemblies. 
Finally, an equimolar amount (i.e., [X]:[Y] = 1:1) of the above centrifuged and concentrated 
citrate stabilized gold NPs (‘Y’ NPs) was added to the centrifuged and concentrated 
intermediate hybrids (‘X’ NPs), allowing the available end groups of the intermediate hybrids 
to bind to the added gold NPs, to form the hybrid gold nano-assemblies (sample designated 
as- hybrid nano-assemblies “1 µM”). The red color of well dispersed citrate stabilized gold 
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NPs turned bluish on formation of the hybrid nano-assemblies. A prominent secondary UV-
Vis peak was observed at around 685 nm (See Figure S2 (c) in Supporting Information). The 
formation of the nano-assemblies was confirmed by TEM micrographs (Figure 1B) using 
very dilute samples (100 times diluted) of the hybrid nano-assemblies.  
 
Figure 1. (A) TEM micrographs of citrate stabilized gold NPs, and (B) TEM of hybrid HBP-
gold nano-assemblies. The color of each solution is shown in the inset. Scale bar = 100 nm.  
 
In order to confirm that the assemblies observed by TEM were not due to coalescence during 
drying, we carried out some cryo-TEM studies and compared them with our normal TEM 
micrographs. It was observed that at higher concentrations (as-prepared hybrid nano-
assemblies) prominent drying artefacts were observed with normal TEM, whereas on dilution 
(to 100 times of the as-prepared hybrids) we could minimize drying artefacts and obtained 
similar results to that of cryo-TEM (See Figure S1 of Supporting Information).  
In contrast, no aggregation was observed for gold NPs when a non-ionic linear methacrylate 
polymer, p(PEGMA) of Mw ∼30 kDa synthesized using RAFT polymerization having only 
one binding end group, i.e., the thio end group from the RAFT agent, was employed as the 
linker (See Figure S3 in the Supporting Information). A similar lack of aggregation of gold 
NPs stabilized by linear polymers with one dithioester group has been reported by Merican et 
al.38 This emphasizes the importance of the polyvalent nature of the branched structures in 
A B 
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the directed self-assembly process. The HBP mediated hybrid nano-assemblies were 
observed visually to be stable i.e., remained dispersed and no further change in the color was 
observed for at least 2-3 months at room temperature. 
 
Determination of HBP in the hybrids. The presence of the polymer surrounding the gold 
NPs was confirmed by the halo observed in the TEM micrographs (Figure 2, as shown with 
arrow) of hybrid nano-assemblies protruding into the holes of a holey C-coated grid. No halo 
was observed when imaging citrate stabilized gold NPs (See Figure S4 in Supporting 
Information). 
 
Figure 2. TEM micrographs of hybrid nano-assemblies, protruding into the holes of a holey 
C-coated grid, confirming the presence of polymer layer on the NPs (as shown by arrows). 
Scale bar = 50 nm. 
 
In addition to the TEM images, the ATR-FTIR spectra (Figure 3) confirmed the presence of 
the HBP in the hybrid nano-assemblies. The peaks at 1726 cm-1 (C=O stretch) and 2866 cm-1, 
1451 cm-1, 1379 cm-1 (CH bend and CH stretch) were present both in the HBP and hybrid 
nano-assemblies (Figure 3), confirming the presence of the polymer in the hybrids nano-
assemblies. 
A B 
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Figure 3. ATR-FTIR spectra of (a) HBP, and (b) Hybrid nano-assemblies showing presence 
of polymer. 
 
Influence of polymer (HBP) concentration on the self-assembly of gold NPs. A certain 
degree of control of the size of the hybrid nano-assemblies and “hot-spot” density could be 
achieved by manipulating the polymer concentration (i.e., number of HBP macromolecules 
per gold NP) when preparing the intermediate hybrids. The first set of data in evidence of this 
was the change in the λSPR as a function of polymer concentration, which was observed by 
visible spectroscopy. The citrate stabilized gold NPs have a λSPR at 519 nm, due to dipolar 
oscillation of electrons in the particles, which is expected for non-aggregated particles. With 
an increase in polymer concentration, the λSPR was found to red-shift with the appearance of 
a secondary peak at ∼685 nm, which can be assigned to multipolar oscillation of electrons, 
which is consistent with the aggregation of NPs.1, 2, 57 On further increasing the concentration 
of polymer, the secondary peak was not observed (See Figure 4A). This effect was 
quantitatively studied by calculating the ratio of absorbance at 685 nm to that of 520 nm and 
its trend with increase in polymer concentration. As the polymer concentration was increased, 
it was observed that the ratio of Abs685/Abs520 initially increases to a maximum for “1 µM” 
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concentration (≡16.3 nM in the “intermediate hybrid”) and then decreases (Figure 4B). These 
three different regions are respectively termed as Regime I, Regime II and Regime III, based 
on the color of the hybrid solution and observation of a secondary absorbance peak in the 
UV-Vis spectrum (Refer to Figure 4). 
 
Figure 4. (A) UV-Vis spectra of (a) Citrate stabilized gold NPs, (b) Regime I hybrid 
nanoassemblies, (c) Regime II hybrid nano-assemblies, and (d) Regime III hybrid nano-
assemblies. (B) Plot of the ratio of the absorbance at 685 nm to that at 520 nm versus the 
HBP concentration, showing the dependence of assembling behavior with HBP 
concentration.  
 
Table 1. Correlation of polymer concentration, surface coverage of the intermediate 
hybrids and hybrid regimes.  
A B
 
Polymer 
concentration 
as added (µM) 
Polymer 
concentration 
(nM) in 
intermediate 
hybrid colloid 
Number of 
HBP per gold 
NP 
Calculated   
surface coverage 
% 
Regime I < 0.5 < 8.19 < 4 < 12 % 
Regime II 0.5-2.0 8.19-32.78 4-17 12-47 % 
Regime III > 2.0 > 32.78 >17 > 47 % 
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In order to achieve a better understanding of the self-assembly behavior, the polymer 
concentration was related to the calculated surface coverage of the HBPs on the gold NPs for 
the intermediate hybrids (Table 1) (See Table S1 in Supporting Information, for details of the 
calculation of surface coverage). 
 
Figure 5. Column wise: Citrate stabilized gold NP (AuNP), Regime I hybrid nano-
assemblies, Regime II hybrid nano-assemblies and Regime III hybrid nano-assemblies. Row-
wise: (A) Cartoon demonstrating possible morphologies of hybrid nano-assemblies in 
different regimes, (B) TEM micrographs (Scale bar = 50 nm), (C) TEM median size and size 
distribution and (D) DLS hybrid hydrodynamic diameters and its distribution. 
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With increasing polymer concentration in the formation of the intermediate hybrids i.e., 
increase in the HBP macromolecule to gold NP ratio, more citrate ions get displaced by the 
HBP macromolecules, thus increasing the HBP surface coverage of the intermediate hybrids. 
The effect of polymer concentration on the nano-assemblies is depicted in the schematic 
shown in Figure 5A, along with their morphologies by TEM (Figure 5B), particle size 
distributions obtained from TEM (Figure 5C) and DLS hydrodynamic diameters (Figure 5D). 
At lower polymer concentrations or Regime I, the hybrids remain red in color with minor 
red-shifts and are comprised predominantly of single NPs, dimers and trimers and a TEM 
median size of ~34 nm (Figure 5B). When the polymer concentration was increased i.e., in 
Regime II, there was a visible color change from red to bluish black and a prominent 
secondary peak in the visible spectrum around 685 nm was observed. Regime II nano-
assemblies (Figure 5B) produced structured networks of sizes ranging from 50-120 nm 
formed from individual gold NPs of diameter ∼17 nm. Interestingly, with further increase in 
polymer concentration only minimal shifts in the λSPR with respect to the intermediate 
hybrids and only low degrees of aggregation were observed by UV-Vis and TEM 
respectively, as compared to the citrate stabilized gold NPs.  
 
These results can be explained within the framework of DLVO theory, which rationalizes the 
stability of colloids in solution and is summarized by equation (1) 
VT  =  VA + VR + VS                                                                                      (1) 
 
Where, the colloidal stability depends on the total potential energy function, VT. VS is the 
potential energy contribution from the solvent, but is typically small. The most important 
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factors are the contributions from attractive, VA, and repulsive forces, VR, where the balance 
of these opposing forces dictates colloid stability. In DLVO theory, VA varies with the inverse 
square of particle separation, while VR is a more complex function that depends on the 
particle radius, zeta potential and decreases exponentially with particle separation.   
For our system the as-synthesized gold NPs are stabilized with citrate anions and have a zeta 
potential of -50 mV, where VR outweighs VA so that the probability of particle-particle 
collisions having sufficient kinetic energy to overcome the repulsive force is low. Attachment 
of HBP to the gold NP surface results in displacement of citrate ions resulting in a decrease in 
surface charge. Typically, attachment of polymer is expected to provide steric stabilization of 
the colloids by forming a layer that negates the van der Waals attractive forces. However, in 
this case the HBPs are polyvalent and it is expected that the “intermediate hybrids” will have 
free trithiocarbonate and alkyne end groups to facilitate coupling with the added NPs.  
For Regime I, the number of HBP macromolecules per gold NP is less than 4, which 
corresponds to a surface coverage of less than 12% (see Table S1 and Supporting 
Information). The zeta potential of the particles falls within the range of -32 and -27 mV. In 
this scenario, the low coverage results in only a few sites on the NP that can couple to other 
NPs, so the probability of aggregation is low. In addition, the high negative surface charge is 
expected to promote stability.  
For Regime II, there are 4-17 HBP macromolecules per gold NP, which corresponds to a 
surface coverage of 12-47%. In addition the zeta potential dropped to between -27 and -13 
mV. The drop in surface charge will decrease the repulsive force between the NPs and with a 
relatively low coverage of polymer there will be insufficient steric stabilization to screen the 
attractive van der Waals forces. In addition to this, the HBP coating is expected to have free 
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trithiocarbonate and alkyne end groups that will bind to the added gold NPs. Due to 
contributions from both these mechanisms the attractive forces between the particles appear 
to be dominating and causing high levels of aggregation.   
For Regime III, the number of HBPs per NP is greater than 17 which correspond to a surface 
coverage of more than 47%, so that most of the citrate ions are displaced and the zeta 
potential drops to -10 mV. In this case the high coverage of HBP screens the attractive van 
der Waals forces between the NPs. Thus, both the intermediate hybrids and the additional 
citrate stabilized gold NPs, are each intrinsically stable because of higher surface coverage of 
HBP (> 47%) for the intermediate hybrids, and the high zeta potential (-50 mV) of the citrate 
stabilized NPs. But when these NPs are brought close to each other, by centrifuging and 
concentrating the sample in the hybrid preparation step, some of the additional citrate 
stabilized NPs bind to the free trithiocarbonate and alkyne end groups available at the surface 
of the intermediate hybrids, achieving a lower degree of aggregation compared with Regime 
II. Hence, we mostly observe single NPs or dimers in Regime III. 
 
Hybrid nano-assemblies as sensitive SERS probes. A Raman dye, methylene blue (MB) 
was added to the hybrid nano-assemblies to obtain a final concentration of 3 x 10-7 M. These 
assemblies were then screened for their SERS enhancements in the solution state, keeping the 
gold NP and MB concentration same for all samples. The prominent peaks of MB at 450 cm-1 
and 1630 cm-1 were present in the SERS spectra of the hybrid nano-assemblies. Both 
Regimes I and III show a SERS enhancement (Figure 6A-c and 6A-e) higher than that of the 
citrate stabilized gold NPs (Figure 6A-b). The maximum enhancement was achieved with the 
larger nano-assemblies of Regime II and was found to be 5-6 times that obtained for Regime 
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I and III hybrids (Figure 6B). Hence, it is justified to state that hybrid nano-assemblies 
enhance the SERS signal. An enhancement factor (EF) in the range of (1-4.5) x 104 was 
obtained for the hybrid nano-assemblies (Figure 6C, See S6 in Supporting Information for 
SERS EF calculation details).  
The average SERS intensity for both the major peaks of MB (Figure 6B) was found to 
increase from Regime I to Regime II and then decrease in Regime III. The SERS intensity at 
a polymer concentration of 5 µM (2nd data point in Regime III) seems to increase with 
respect to the previous data point (3 µM concentration (1st data point in Regime III), 
however, this may not be significant because the error in the SERS measurement of 5 µM is 
comparatively higher than that of other data points. The same trend also occurs in the SERS 
EF (Figure 6C), because the EF is calculated based on the average SERS intensity. The 
highest EF of 4.5 x 104 was obtained with Regime II nano-assemblies. This behavior is 
probably due to the fact that the larger nano-assemblies of Regime II have a higher number of 
NPs in each nano-assembly, and hence a higher density of “hot-spots”, which increases the 
SERS signal and the EF dramatically. Although the EF obtained in these experiments is good, 
it should be noted that the nano-assemblies might not have reached their maximum potential 
because the Raman tag molecules were added after the formation of the hybrids, 
consequently every “hot-spot” may not be accessible to the tags. If Raman tags were added 
earlier in the preparation method, it might increase the possibility of them reaching and 
occupying more “hot-spots” within the nano-assembly and hence may improve the SERS 
enhancement further. 
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Figure 6 (A) (a)  Raman spectrum of methylene blue (MB) 1 mM solution, (b)  SERS of MB 
barcoded gold NP, (c)  SERS of MB barcoded Regime I hybrid, (d)  SERS of MB barcoded 
Regime  II  hybrid,  and  (e)  SERS  of  MB  barcoded  Regime  III  hybrid  nano-
assemblies.(B) Dependence  of  SERS  intensity  on  HBP  concentration,  showing  the  
effect  of  regimes. (C) Effect of HBP concentration (regimes) on SERS enhancement factor 
(EF). 
 
SERS multiplexing capability of hybrid nano-assemblies. Different Raman tags were 
employed in the study of the SERS response of the nano-assemblies. Figure 7 shows the 
SERS spectra for barcoded hybrid nano-assemblies with 2-quinolinethiol (2-QTH), 
indocyanine green and adenine. This provides the possibility of multiplexing, an essential 
requirement for biodiagonostic applications.  
 
Figure 7. SERS spectra of barcoded Regime II hybrids with different Raman tags (a) 
adenine, (b) indocyanine green, and (c) 2-quinolinethiol.  
A B C
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CONCLUSIONS 
In summary, we have demonstrated a simple strategy to control the formation of gold NP 
assemblies. As a proof of concept, we have shown that hyperbranched polymer architectures 
can be successfully employed to self-assemble gold NPs into hybrid nano-assemblies. In 
contrast, linear polymers having only one anchoring end group has a stabilizing effect and 
does not form aggregated nano-assemblies. Thus, emphasizing the importance of polyvalent 
nature of the branched structures in the linker mediated self-assembly process. These hybrid 
nano-assemblies have sizes in the range of 20-120 nm. The effect of HBP concentration on 
the self-assembly process has been studied in detail, where the size of the hybrid nano-
assemblies, i.e., the self-assembly behavior of such systems, can be controlled to a certain 
extent by manipulating the polymer concentration and the surface coverage of the 
intermediate hybrids. Both low (< 12%) and high (> 47%) HBP surface coverage results in 
smaller hybrid nano-assemblies, with less number of NPs per assembly and lower “hot-spot” 
density, giving rise to a moderate SERS enhancement (∼1 x 104). With an optimum of 12-
47% HBP surface coverage, which we have termed Regime II, larger sized nano-assemblies 
with higher number of NPs per assembly and higher “hot-spot” densities were formed. These 
Regime II hybrid nano-assemblies behave as sensitive SERS probes (4-5 times better than the 
other Regime nano-assemblies) achieving an enhancement factor (EF) of ~4.5 x 104 (solution 
phase) with a low concentration of 3.0 x 10-7 M methylene blue. We have also demonstrated 
that these nano-assemblies can be barcoded with different Raman tag molecules, which 
would be beneficial for multiplexing in biodiagnostic applications. Such Raman barcoded 
hybrid nano-assemblies have the potential to be utilized as SERS diagnostic probes in 
nanomedicine. 
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S1: Optimization of sample concentration for TEM to minimize aggregation due to 
drying artefacts on the grid 
 
Figure S1. Comparison of Regime I hybrid with 0.1 µM HBP  (A) concentrated sample by 
cryo-TEM,  (B) dilute sample (10 times) by TEM, and (C) very dilute samples (100 times 
dilute) by TEM. Scale bar = 100 nm.       
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S2: Change in UV-Vis spectra in the step-wise formation of the hybrid nano-assemblies. 
 
Figure S2. UV-Vis spectra of (a) Citrate stabilized gold NPs with λmax = 519 nm, (b) 
Intermediate hybrids “1µM” with λmax = 521 nm, and (c) Hybrid nano-assemblies “1µM” 
with primary λmax = 521 nm and secondary λmax = 685 nm. 
 
S3: Dispersed gold NPs obtained with linear p(PEGMA)  
 
Figure S3. TEM image of gold NPs coated with linear p(PEGMA). Scale bar = 500 nm. 
  
(S2) 
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S4: Observation of polymer halo around NPs in hybrid nano-assemblies 
 
Figure S4.  TEM  image  (A)  Citrate stabilized gold NPs exhibiting no polymer halo, and  
(B) Hybrid nano-assemblies exhibiting prominent polymer halo, while NPs protrude into the 
holes of the holey C-coated TEM grids. Scale bar = 50 nm. 
 
S5: Table S1. Calculation of surface coverage of the gold NPs by the hyperbranched 
polymers (HBP)
 
 Where, 
a = Size of HBP (nm) (DLS) 
x = Radius of gold NP (nm) (TEM) 
y = x + (a/2) 
 
 
Considering, no overlap of adjacent HBP macromolecules i.e., assuming a solid phase model. 
For intermediate hybrids, 
 
   
 
 
 
 
  
 
 
 
x 
y 
 
a 
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Total number of HBP/gold NP for 100% surface coverage (Ntsc)  
= Surface area at the green line at radius ‘y’
X−section area of 1 HBP particle at diameter ‘a’ 
      =  2043.64
56.76    =  36 
% Surface coverage of “intermediate hybrids”  
= No.  of HBP particles as per polymer concentration
Ntsc
× 100 
Intermediate hybrids 
 
HBP 
concentration 
(µM) 
HBP/gold NP % surface coverage 
Regime II start 0.50 4.22 (~4) 11.71 (~ 12)% 
Regime II end 2.0 16.87 (~17) 46.85 (~ 47)% 
 
 
S6: Calculation of  SERS enhancement factor (EF) 
The SERS intensity and its error have been calculated by measuring 3 spots in a sample (in a 
low volume quartz cuvettes) and multiple samples of different batches. The average SERS 
intensity (SERSa) thus calculated has been used to calculate the SERS enhancement factor 
(EF) for the hybrid nano-assemblies. 
EF=  SERSa at 450 cm-1 
Raman intensity at 450 cm-1  ×  Concentration of neat MB sampleConcentration of MB in the hybrid sample 
 
  
(S4) 
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Chapter 3 
Hyperbranched Polymer-Gold Nanoparticle 
Assemblies: Role of polymer architecture in 
hybrid assembly formation and SERS activity 
Priyanka Dey,1 Idriss Blakey,2* Kristofer J. Thurecht2 and Peter M. Fredericks1* 
1School of Chemistry, Physics and Mechanical Engineering, Queensland University of 
Technology, Brisbane, Queensland 4001, Australia. 
2Australian Institute of Bioengineering and Nanotechnology and Centre for Advanced 
Imaging, University of Queensland, St. Lucia, Queensland 4072, Australia. 
 
ABSTRACT  
Plasmonic gold nano-assemblies that self-assemble with the aid of linking molecules or 
polymers have the potential to yield controlled hierarchies of morphologies and consequently 
result in materials with tailored optical (e.g. localized surface plasmon resonances (LSPR)) 
and spectroscopic properties (e.g. surface enhanced Raman scattering (SERS)). Molecular 
linkers that are structurally well-defined are promising for forming hybrid nano-assemblies 
which are stable in aqueous solution and are increasingly finding application in 
nanomedicine. Despite much ongoing research in this field, the precise role of molecular 
linkers in governing the morphology and properties of the hybrid nano-assemblies remains 
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unclear. Previously we have demonstrated that branched linkers, such as hyperbranched 
polymers, with specific anchoring end groups can be successfully employed to form 
assemblies of gold NPs demonstrating near-infrared SPRs and intense SERS signal. We 
herein introduce a tailored polymer as a versatile molecular linker, capable of manipulating 
nano-assembly morphologies and hot-spot density. In addition, this report explores the role 
of the polymeric linker architecture, specifically the degree of branching of the tailored 
polymer in determining the formation, morphology and properties of the hybrid nano-
assemblies. The degree of branching of the linker polymer, in addition to the concentration 
and number of anchoring groups, is observed to strongly influence the self-assembly process. 
The assembly morphology shifts primarily from 1D-like chains to 2D plates and finally to 
3D-like globular structures, with increase in degree of branching. Insights have been gained 
into how the morphology influences the SERS performance of these nano-assemblies with 
respect to hot-spot density. These findings supplement the understanding of the morphology 
determining nano-assembly formation and pave the way for the possible application of these 
nano-assemblies as SERS bio-sensors for medical diagnostics. 
GRAPHICAL ABSTRACT 
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INTRODUCTION  
The process of assembling functional noble metal nanomaterials into controlled 
morphologies or patterns, giving rise to improved properties, has generated a significant 
interest in the field of nanoscience.1-5 Gold nanoparticles (NPs) are one of the most widely 
studied noble nanomaterials, because of their chemical inertness, and their ability to support 
localized surface plasmon resonances (LSPR) in the visible to near infrared (NIR) regions,4, 6 
in addition to their spectroscopic property of supporting surface-enhanced Raman scattering 
(SERS)7-9. They have been utilized in various fields including electronics,10, 11 photonics,12 
chemical sensing,3, 5 biological labelling,3, 5 imaging,13 and, more recently, as diagnostic 
agents in nanomedicine14-16.  
Considerable effort has been directed towards understanding and designing gold 
nanostructures, because both their surface plasmon and SERS properties are dictated by the 
structure and morphology of the nano-assemblies.2, 17 When Raman-active molecules are 
adsorbed on a NP surface or within the NP junctions of nano-assemblies (often referred to as 
“hot-spots”), their Raman signals are dramatically enhanced, a phenomenon known as 
surface enhanced Raman scattering (SERS). The key requirement for practical use of the 
SERS-based diagnostic agents is the development of simple fabrication strategies for 
obtaining reproducible solution stable SERS substrates with high Raman enhancements. 
Regular arrays and structures have been constructed by Langmuir-Blodgett techniques11, 18 
and evaporative or e-beam lithography processes7, but these techniques are not amenable to 
the production of materials dispersed in solution.  
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In the past decade, self-assembly processes have proven useful for the preparation of nano-
assemblies dispersed in solution. One of the versatile approaches that have been employed is 
the use of molecular linkers to mediate the self-assembly process. It has gained importance 
due to its easy, cheap and template-free fabrication methodology. Structurally well-defined 
molecular linkers have the ability to direct the formation of nano-assemblies. Predominantly, 
nano-assemblies have been self-assembled as films on glass or silicon substrates,1, 19 but 
formation of solution stable assemblies have been gaining importance recently. Recent 
reviews by research groups of Tsukruk,17 Graham9 and van Duyne20 summarizes, in great 
details, the various approaches explored in creating plasmonic nano-assemblies and hot-spots 
in an effort to improve the SERS properties. Reports suggest the use of various linkers 
including biomolecules like DNA and antigen-antibody complexes,21-24 organic molecules,25-
30 polymers,31-34 dendrimers19 and, more recently, hyperbranched polymers35. There has been 
a lot of interest generated for capably manipulating morphologies into linear chain, connected 
nano-chains or spherical structures.1, 25, 29, 32, 34 Scherman and co-workers36 have 
demonstrated a novel strategy utilizing nanoporous membrane and electrokinetic energy to 
direct the synthesis of linear and branched nano-assemblies where cucurbit[7]uril acts as the 
organic molecular linker. Despite advances in the formation of solution stable nano-
assemblies, manipulating morphologies and thereby hot-spot density and SERS properties 
has remained a major obstacle. Both the SPR shift and SERS enhancements are governed by 
morphology of the assemblies, specifically shape and size of the assemblies, as well as the 
number of NP junctions or hot-spot density.4, 6, 7, 9, 20, 24 A few research groups have reported 
formation of different nano-assembly morphologies by employing various multi-branched 
linkers. For example, Claridge et al.37 utilized branched DNA to form trimer and tetramer 
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nano-assemblies. In a series of publications, Zhong and co-workers27, 30 have demonstrated 
an elegant approach showing that globular assemblies of gold NPs can be prepared from 
solution by using specially designed organic thioether molecules as linkers in the presence of 
tetraalkyl ammonium bromide. They have reported assembly sizes in the range of 50-500 nm 
and SERS enhancement factors in the range of 1-6 × 104  for the globular assemblies with the 
MTAs residing in the hot-spots.30 A similar study by Kaminker et al.26 demonstrated an 
effect of the structure and number of anchoring pyridyl groups of the organic linker on the 
SPR of the nano-assembly.  
In particular, tuning the formation, morphology and properties of nano-assemblies as a 
function of the linker properties is still a difficult task. One of the reasons being that different 
morphologies (including linear, array-like or spherical) have not been achieved by using a 
single type of linker. Hence, it is of utmost importance to develop a linker, which with slight 
modifications, can lead to formation of different morphologies, thereby behaving as a 
versatile linker molecule. This could potentially provide better understanding of the 
governing characteristics of the linker in the linker-mediated assembly process. As 
mentioned earlier, multi-branched linkers seem to have successfully mediated nano-assembly 
formation. But the preparation of the multi-branched linkers e.g., DNA, organic molecules 
and dendrimers described in the previous paragraph is challenging, because it involves multi-
step syntheses and purification processes, as well as complex procedures to incorporate more 
branches. In contrast, synthesis of multi-branched structures like hyperbranched polymer 
(HBP) involves one-step synthesis and purification process. Their synthesis mechanisms can 
also afford the flexibility to introduce and control the number of branches and thereby the 
number of functional anchoring groups, which encouraged us to employ them as linkers in 
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the self-assembly of gold NPs. We recently reported35 a simple strategy to prepare solution 
stable gold nano-assemblies mediated by HBPs. Both lower (mostly dimers and trimers) and 
higher order nano-assemblies (higher number of NPs per assembly) could be obtained by 
controlling the number of functional end group available for assembly formation. The higher 
order nano-assemblies demonstrated a NIR SPR shift and had significantly higher SERS 
activity. Thus, the HBP-type linkers might have potential to direct and tune morphologies 
thereby establishing itself as a versatile molecular linker. Hence, the focus of this study has 
been to manipulate the morphology and properties of the higher order nano-assemblies by 
employing a tailored polymeric linker. Herein, we report the role of degree of branching 
(functional anchoring end group density per polymer macromolecule) of the linker in 
determining the nano-assembly formation and morphology, along with an understanding of 
their optical (SPR) and spectroscopic (SERS) properties. 
 
METHODS 
Preparation of hybrid gold nano-assemblies. The synthesis and characterization of citrate 
reduced and stabilized gold NPs and the linker polymers via RAFT polymerization technique 
has been elaborately discussed in the Supporting Information. Four RAFT-polymers with 
different architectures based on different number of branches and anchoring end groups were 
prepared for this study. 50 µL of the aqueous polymer solutions, various concentrations in the 
range of 0.1-100 µM, was added with stirring to 3 mL of 2 nM citrate stabilized gold NPs 
resulting in net polymer concentrations of 1.63 nM to 1.63 µM. The mixture was further 
stirred for 2-3 min. The colloid was left standing overnight to allow formation of gold NPs 
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coated with the linker polymer referred to as the “intermediate hybrids”. By varying the 
amount of polymer added, a series of “intermediate hybrids” were prepared that constituted 
gold NPs with varying degrees of coating of polymer. These intermediate NPs had free 
RAFT end groups (trithiocarbonate and alkyne) available to act as anchoring points for 
further aggregation with additional gold NPs. The “intermediate hybrid” colloid was 
centrifuged at 14,500 rpm for 6 min and the supernatant discarded to remove the unbound 
polymer and excess citrate. The colloid was then re-suspended in water to give 30 µL of 
“intermediate hybrids” with primary NP concentration of ~100 nM. An equimolar amount of 
citrate stabilized gold NPs (i.e., 30 µL of ~100 nM prepared by centrifugation) was added to 
the red colored “intermediate hybrid” colloid and mixed using a vortex mixer for one minute. 
The colloid was then allowed to stand for 3-4 h to facilitate formation of the “hybrid nano-
assemblies”. The hybrid assemblies were centrifuged at 5000 rpm for 2 minutes to remove 
the unanchored gold NPs, then diluted with ultrapure water to obtain a primary NP 
concentration of ~6 nM and analyzed by UV-Vis spectroscopy, and also used for SERS 
analysis. 
 
RESULTS AND DISCUSSION 
Gold nano-assemblies, with defined morphology and higher NP junction density (or hot-
spots density) with sub-10 nm nanogaps, is the key to develop SERS-based imaging agents 
for use in nanomedicine. In this context, we have previously reported formation of gold 
nano-assemblies mediated by hyperbranched polymeric linker.35 As the hot-spot density is a 
function of the nano-assembly morphology, hence the ability of altering the assembly 
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morphology would provide a handle in tuning the hot-spot density and thus the SERS 
activity. In order to gain insight in the governing factors affecting the morphology of nano-
assemblies and hence its SERS properties, we investigated different linker architectures. 
Hence, we synthesized different linker polymers having the identical chemical structure but 
with different branching architecture i.e., degree of branching with different end group 
density and employed them in forming the nano-assemblies, thus developing an 
understanding of its effect in determining the assembly formation, its morphology and optical 
(SPR) and SERS properties. 
Synthesis of polymer with controlled degree of branching via RAFT polymerization. 
Poly(ethylene glycol methacrylate) PEGMA was used as the monomer in order to impart bio-
compatibility to the hybrid nano-assemblies, a requirement for use in nanomedicine. The 
RAFT agent had a butyl trithiocarbonate Z-group and a leaving R-group that contained an 
alkyne group (see Figure S1 of Supporting Information for 1H NMR of RAFT agent) which 
translated, after polymerization, into the two end groups of the polymers (see Figure 1). As 
shown in Figure 1, each branch of the polymer was thus composed of PEGMA repeat units 
with butyl trithiocarbonate at one end (Z-group, marked in green) and an alkyne group at the 
other end (R-group, marked as red), a structure similar to the linear polymer. This provides 
us with two end groups per branch having affinity for attachment to gold surfaces,38-40 and so 
the functional anchoring end group density per polymer macromolecule (Naeg) is twice that of 
the number of branches (Nb) for each polymeric linker. Thus, the HBPs can be described as 
similar linear units being branched (with EGDMA) at random positions along the chain 
length and not necessarily at the centre as in the case of a traditional dendritic polymer. The 
degree of branching or the number of branches (Nb) represents the number of linear 
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polymeric units cross-linked to form the HBP. We have synthesized four different polymers 
including a linear bi-functional polymer P1 (Nb = 1, Naeg = 2) and multi-functional HBPs P4 
(Nb = 4, Naeg = 8), P5 (Nb = 5, Naeg =10) and P9 (Nb = 9, Naeg = 18) (as shown in Table S1 in 
Supporting Information) and graphically in Figure 1. Detailed information regarding 
synthesis, purification and properties of the polymeric linkers has been provided in the 
Supporting Information. We have chosen to use Nb throughout the report, mostly because it 
is the most important characteristic of the multi-branched polymers. All the synthesized 
polymers demonstrated a DLS hydrodynamic size of ~5.5-9.5 nm, therefore enabling us to 
aim for sub-10 nm nanogaps.  
 
Figure 1. Schematic of different polymer architectures and the chemical structure of the 
RAFT agent used in this study.  
 
Role of degree of branching of polymeric linker in the formation of hybrid nano-
assemblies. Our interest was to study the effect of different polymeric architectures, acting as 
molecular linkers, in the formation of plasmonic nano-assemblies. Hence we employed the 
four above synthesized polymers P1, P4, P5 and P9 having an average of 1, 4, 5 and 9 
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branches, respectively, as linkers for our study. We followed the same procedure as reported 
previously35 where initially the gold NPs were mixed with the polymer, which was left 
standing overnight to attain equilibrium by the ligand exchange mechanism, where the citrate 
ions capping the gold NPs were exchanged with the polymer end groups with affinity for 
gold NPs. In a second step, these “intermediate hybrids” served as centers to mediate 
aggregation when mixed with a second batch of citrate-stabilized gold NPs to form the final 
“hybrid nano-assemblies”. Similar to our earlier report we observed that the assembly 
formation, determined by color change from reddish to bluish, was largely dependent on the 
polymer concentration (see Figure S3 of Supporting Information). At low concentration, 
there was initially formation of lower order assemblies (i.e., number of NPs per assembly = 
1-3) which were red in color and termed as “Regime I hybrids”. On reaching an optimum 
concentration, the colloids formed higher order assemblies (i.e., number of NPs per 
assembly>3) termed as “Regime II hybrids” and were bluish in color. With further increase 
in concentration, it essentially formed red colored lower order assemblies referred to as 
“Regime III hybrids”. The plot in Figure 2A shows the different regimes, shown as different 
steps, with respect to the concentration of the polymeric linkers. Regime I and III hybrids, 
form nano-assemblies consisting primarily of lower order assemblies (monomers and 
dimers), due to the ionic stabilizing effect of the higher concentration of citrate ions and 
steric stabilizing effect of the higher coverage of polymer, respectively. Hence there was 
negligible scope for altering their assembly morphology. Thus we focused on the Regime II 
hybrids where it was hypothesized that morphologies could be tuned. The Regime II hybrid 
colloids formed by the P1, P4, P5 and P9 polymers (named respectively as P1, P4, P5 and P9 
hybrids) were bluish in color and had a secondary SPR peak at around 685 nm, in addition to, 
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the primary SPR peak at 520 nm (as shown in Figure 2B). In our earlier report, we observed 
the direct relationship of the SERS activity to the ratio of the SPR absorbance at 685 nm to 
that at 520 nm (Abs685/Abs520), which aided us in selecting the samples with the higher 
probability to provide highest SERS activity Thus, hybrid nano-assemblies with the value of 
Abs685/Abs520 closest to 1 (maximum value attained by nano-assemblies, as reported earlier) 
were selected for detailed investigation of the effect of the number of branches. 
 
 
Figure 2. 3D-plot of Regimes (I, II and III designated as 1, 2 and 3 in the plot) with respect 
to polymer concentration of each individual linker polymer (“Nb” in plot designates number 
of branches Nb). The colloid color of the respective regimes has been shown in the inset. (B). 
UV-Vis spectra of (a) citrate-stabilized gold NPs, Regime II hybrids  of (b) P1, (c) P4, (d) P5, 
and (e) P9. Spectra have been offset by 0.35 a.u. The color of the solution is shown in the 
inset. 
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As both the trithiocarbonate and alkyne end groups were capable of anchoring to the gold 
NP,39-42 so all the polymers were anticipated to act as linkers to mediate the formation of 
hybrid nano-assemblies. The linear polymer P1 behaves like a bi-functional linker capable of 
forming hybrid nano-assemblies, in contrast to mono-functional linear polymers which have 
a stabilizing effect.31, 35 The optimum polymer concentration required to form the Regime II 
hybrid assemblies was significantly higher for P1 (approximately 5-20 fold) as compared to 
the HBPs. This can be attributed to the significantly lower number of anchoring groups per 
polymer macromolecule for P1. Another factor that could contribute to this is the 
conformation of the linear polymer on the NP surface, for example, linear PEG chains 
anchored to a NP or lipid surface have been reported to change conformation from 
mushroom-type to brush-type with increasing coverage of polymer.43-45 At lower degrees of 
polymer coverage, a mushroom-like conformation will be adopted and the unbound end 
group may have restricted availability for acting as a linker. Whereas, at higher degrees of 
polymer coverage, the polymer chains are more likely to pack densely on the NP surface 
resulting in a brush-like configuration, such that the unbound end group has greater 
accessibility for anchoring to other NPs. In contrast, the HBPs require a significantly lower 
polymer concentration to form the Regime II hybrids. The HBPs P4 and P5, having similar 
degree of branching, required similar polymer concentrations for formation of Regime II 
hybrids. The average number of branched macromolecules per “intermediate hybrid” NP and 
hence the approximate number of anchoring groups required to form the Regime II hybrids 
are listed in Table 2. The linker size is a determining factor for the nano-assembly formation 
and since the synthesized HBPs demonstrated similar hydrodynamic sizes, hence the 
difference in their absolute molar masses could be neglected and the role of the degree of 
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branching and number of anchoring end groups could be studied. Table 2 in combination 
with Figure 3 establishes a significant decrease in the optimum polymer concentration 
required for forming the Regime II hybrids with increase in the degree of branching. The 
average number of anchoring end groups required for forming the Regime II hybrids also 
follows a similar trend, which suggests that, fewer anchoring groups are required to form 
higher order assemblies for highly branched polymeric linkers. 
 
 
Figure 3. Combined plots of the polymer concentration and approximate number of 
anchoring end groups per intermediate hybrid NP required for formation of Regime II 
hybrids versus the degree of branching or number of branches (Nb) of the linker polymer.  
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Role of degree of branching of the polymeric linker on the morphology of hybrid nano-
assemblies. To understand the effect of degree of branching on the morphology of the hybrid 
nano-assemblies, we investigated TEM micrographs following evaporation of solvent (Figure 
4 column 1). The size of the different hybrid nano-assemblies was observed to be 
approximately 75 ± 25 nm (population ~90-110 individual assemblies). The morphology of 
the nano-assemblies can be described with different nanostructures with respect to the 
dimensionality of the assemblies and the number of NP junctions for each individual NP. The 
assemblies in Figure 4(B-D) suggests a structure with one NP thickness (~1.5 fractal 
dimension), whereas, a multi-NP thickness structure is evident from Figure 4E (~2.5 fractal 
dimension). Flattening of nanostructures on the TEM-grids, as a result of adsorption of the 
more 3D-like structures as well as the condensation of several objects into new structures 
upon evaporation of the dispersing solvent, is a common problem with conventional-TEM. 
To overcome this issue, cryo-TEM was employed, which is known to conserve the 3D 
conformations of the formed nano-structures, eliminating unfavorable assembly-assembly or 
assembly-support interactions that would lead to artefacts in the TEM micrographs. In order 
to gain a better understanding of the morphological structures, we performed the cryo-TEM 
at tilt angles of +40° and -40° (Figure 4 column 2 and 3 respectively), providing an 80° view 
of the assemblies and allowing elucidation of the true morphological nature in the colloidal 
state. We observed that a tilt of more than 40° caused the ice crystals to block the view, and 
hence we were limited to a ±40° tilt angle. Nonetheless, this provided sufficient dimension to 
investigate the morphological character of the assemblies.  
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Figure 4. Typical TEM micrographs of Row-wise: (A) citrate stabilized gold NPs, (B) P1 
Regime II nano-assemblies, (C) P4 Regime II nano-assemblies, (D) P5 Regime II nano-
assemblies, and (E) P9 Regime II nano-assemblies. Column-wise: (1) conventional-TEM at 
0° tilt, (2) cryo-TEM at +40° tilt, and (3) cryo-TEM at -40° tilt. Diluted samples were used to 
prepare TEM grids in order to minimize drying artefacts in case of conventional TEM and 
eliminate over-crowding of the assemblies in case of cryo-TEM. Scale bar = 100 nm.  
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The TEM images of the citrate stabilized gold NPs are shown in Figure 4A. With the 
combined information provided by both the conventional-TEM and tilted-cryo-TEM, we 
could analyze the detailed morphological characteristics of the prepared Regime II nano-
assemblies as a function of the polymeric linker architecture. The linear bi-functional 
polymer P1 primarily gave rise to one-dimensional (1D) NP chains with 1-2 NP junctions 
formed by an individual NP (Figure 4B). Conversely, 2D plate-like morphologies formed by 
two-dimensional arrays of loosely packed NPs, with two or more NP junctions formed by an 
individual NP, were observed for both P4 and P5 HBPs (see Figure 4C and D). The cryo-
TEM confirms the plate-like 2D conformation with the observation of their extended flat-
plane view at a tilt of +40°, whereas a narrow edge is more prominently visible at a tilt of -
40°. This confirms that the morphologies observed in the conventional-TEM likely arises due 
to the true morphology of the nano-assemblies and that drying artefacts are minimal under 
these experimental conditions. When HBP P9 was used as linker there was a tendency to 
form predominantly 3D globular morphologies of densely packed NPs in a three-dimensional 
space with the highest number of NP junctions. The globular nano-structure visible in Figure 
4E1 and 4E2 (+40o and -40o) confirms the 3D-like globular morphology of P9 nano-
assemblies. A degree of control over the NP density per assembly for each morphological 
structure was observed. The TEM micrographs (population of ~100 assemblies) indicates that 
the 1D chains are composed of 4-6 NPs, whereas, around 10-15 NPs assembled to form the 
2D plate-like structures. The globular 3D-like morphologies are seemed to be composed of 
approximately more than 20 NPs. Hence, we show that by slight variation in the RAFT-
synthesized polymeric linker (i.e. controlling the polymer end group density), we can obtain 
morphologies of nano-assemblies ranging from 1D NP chains to 2D plate-like structures and 
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finally globular 3D-like morphologies with a degree of control over the number of NPs for 
the different morphologies. The different morphologies and NP density, provide us with the 
capability to tune the NP junction density affecting the SERS-active hot-spot density, and 
thereby the SERS properties. The chain-like P1 assemblies seem to have low NP junction 
density, while P4 and P5 plate-like assemblies have intermediate densities with the highest 
density achieved by the 3D-like globular P9 assemblies. In this way, we demonstrate that 
tailored polymer materials are a useful approach for forming plasmonic gold nano-assemblies 
with hierarchical morphologies. 
Although the morphologies are quite different from each other, the SPR absorbance spectra 
were observed to be similar (see Figure 2B). This seems unusual given the significant 
difference in morphology between the linear P1 assemblies as compared to the plate-like or 
globular nano-assemblies. Generally, the linear nano-chain type morphologies will have a 
prominent secondary longitudinal SPR peak with higher absorbance than that of the primary 
transverse SPR peak, while in our case the relative intensities of both the SPR peaks are 
similar. This can be explained by a recent work of Hüsken and co-workers36 where they 
demonstrate that the relative intensities of the primary transverse to the secondary 
longitudinal SPR peaks depends on the length of the linear chain-like assembly structure. 
They suggest that extinction spectroscopy in solution is unable to distinguish 3D fractal 
aggregates from 1D near-linear chains and attribute this to the anisotropy in optical response 
which is influenced by the rotational diffusion of the chains within the optical interrogation 
volume. Similar SPR results have also been reported by Polavarapu and co-workers33 and Jia 
and co-workers46.  
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In order to develop a model which would describe the morphologies of the nano-assemblies 
more quantitatively, we focused on measuring the structural roundness of the hybrid nano-
assemblies as a representative parameter for the morphology and dimensionality of the 
assemblies. "Roundness" (also referred to as “circularity”) is defined by the formula of 4 × π 
× (area / perimeter2) and has been extensively used to study changes in cell dimensions.47, 48 
A value of “1” represents a perfectly round morphology, whereas a value closer to “0” 
represents an elongated linear structure. We analyzed the conventional-TEM micrographs for 
obtaining a roundness value, as the conventional-TEM was quite representative (provided 
similar results to that of the cryo-TEM), in addition to the fact that higher numbers of 
individual nano-assemblies per sample (population >50was feasible with the conventional-
TEM) were required to obtain statistically relevant data. We also carried out AFM scans on 
the nano-assemblies adsorbed on gold-coated silicon wafer, as a complementary analysis 
technique. The "roundness" was statistically determined using ImageJ software and was used 
to analyze both conventional-TEM micrographs (Figure 4 column 1) and AFM images (see 
Figure S5 of Supporting Information), such that the values for 75-200 individual nano-
assemblies were averaged for each sample. The average roundness values for both TEM and 
AFM were similar and within the range of the standard deviations of the techniques, as 
shown in Figure 5A. The average roundness value of P1 hybrids (~0.25) was significantly 
lower than that of the P9 hybrids (~0.75), suggesting that the P1 hybrids are of near-linear 
(chain-like) in nature, whereas the P9 hybrids are rounder structures. The P4 and P5 
assemblies had characteristic roundness values in the range of 0.5-0.6 which suggests an 
intermediate structural morphology. This supports our understanding from the TEM and 
cryo-TEM morphologies. The roundness value is essentially a 2-dimensional parameter and 
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alone does not provide a complete picture of the 3-dimensional assembly structure. Hence we 
also measured the peak-to-valley roughness (also, referred to as Z-height) of the nano-
assemblies from the AFM data. In order to reduce the destruction of the nano-assembly 
structures on the AFM surface due to drying, we used a gold–coated wafer and allowed the 
nano-assembly colloid to adsorb onto the wafer followed by extensive washing to remove 
excess material. Upon analysis with AFM, we observed that P1, P4 and P5 nano-assemblies 
had similar peak-to-valley roughness of approximately 17 nm i.e., equivalent to one NP 
thickness, further supporting our observations from the TEM micrographs. In contrast, the P9 
hybrids featured an average peak-to-valley roughness of 35 nm demonstrating that these 
nano-assembled morphologies were made up of a few NPs in thickness. As the morphology 
is a direct function of both the roundness and roughness values, so we studied the correlation 
of a combined function of both these parameters, specifically their product function. Though 
it can be argued that an addition function could also have been studied, we used the product 
function, as one of the parameters was a dimensionless number whereas the other had length 
dimensions (units). Since the roughness value was obtained from the AFM data, we used the 
AFM predicted average roundness values for the product function. Figure 5B shows a plot of 
the product value of roundness and peak-to-valley roughness with respect to degree of 
branching (Nb). It clearly demonstrates that the P9 hybrids with highest product value are 
significantly different in morphology to the P1 hybrids which had the lowest product value, 
whereas the P4 and P5 hybrids behave similar to each other with intermediate values and 
morphology. Thus, we can conclude that the hybrid assembly morphology is a strong 
function of degree of branching of the polymeric linker. 
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Figure 5. (A). Plot of average roundness of the Regime II nano-assemblies (based on 
conventional-TEM and AFM data) with respect to the different polymeric linker 
architectures.   Statistical data obtained by processing images with ImageJ software,   and 
(B). Plot of product function of roundness and peak-to-valley roughness with respect to 
polymer degree of branching (Nb). 
 
SERS performance of the hybrid nano-assemblies. We studied the efficiency of the nano-
assemblies as SERS substrates by comparing the SERS due to the polymeric linker 
occupying the NP junctions or hot-spots. Studies7, 8, 16 in the past have concluded that the 
SERS intensity is directly related to the hot-spot density. Hence, we were interested to obtain 
an insight to the relationship between the SERS activity of the nano-assemblies and their 
morphology and develop an understanding of the hot-spot density of the different assemblies. 
Although the linker polymers are not a typical SERS tag molecule, they could be easily 
detected at very low concentrations of approximately 10-9 M from within the nano-
assemblies. As all the linkers were based on the same chemical structure with the same 
RAFT agent (structure shown in Figure 6B) and the polymer was composed of PEGMA units 
and trithiocarbonate and alkyne as their end groups (structure shown in Figure 6C), they 
resulted in identical SERS spectrum (see Figure 6A). The peak at 1380 cm-1 was assigned to 
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δ(CH3) from the p(PEGMA), while the peaks at 1022 cm-1 and 800 cm-1 were assigned to the 
υ(C=S) and υ(C−S) modes respectively which can be attributed to the trithiocarbonate end 
group of the polymer.  
       
Figure 6. (A) SERS spectra of linker polymer of the assemblies of (a) P1 hybrids, (b) P4 
hybrids, (c) P5 hybrids, (d) P9 hybrids, and (e) RAFT agent, (B) Chemical structure of RAFT 
agent, and (C) Chemical structure of linker polymer n = 0 for P1, n = 3 for P4, n = 4 for P5 
and n = 8 for P9 polymer.  
 
As the SERS intensity is a function of both the analyte concentration and the hot-spot 
density, hence the polymer concentration for each hybrid nano-assembly was taken into 
account while analyzing the SERS enhancements. As sulfur  has a strong affinity for gold 
NPs, it would be closest to the NP surface and would occupy the hot-spots, so we analyzed 
the SERS intensity due to the trithiocarbonate end group peak at 1022 cm-1 for estimation of 
the SERS efficiency of the nano-assemblies. Each linker polymer required a different 
polymer concentration to form the hybrids and was composed of different number of 
trithiocarbonate end groups per polymer macromolecule (details in Table S2 in Supporting 
Information), thus we calculated the SERS intensity at 1022 cm-1 per unit concentration of 
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trithiocarbonate end group (ISERS/Ctrithio) in the nano-assemblies (see Figure 7). The plot, as 
shown in Figure 7, confirms that with an increase in the product value of roundness and 
peak-to-valley roughness of the nano-assemblies, i.e., with the change in morphology from 
1D NP chains to 2D-like plates and finally to 3D globular structures, there is a significant 
increase in the SERS enhancement. Chain-like P1 assemblies with lowest product values 
demonstrate lowest SERS enhancements, followed by P5 and P4, while the highest SERS 
enhancements were achieved with globular P9 assemblies. Hence we can assume that the 
globular P9 assemblies have a higher “hot-spot” density than the plate-like nano-structures of 
P4 and P5 assemblies, and the P1 chain-like assemblies having lowest hot-spot density. We 
can thus conclude that the morphology is the key factor in determining the SERS 
enhancements, most likely because of its effect on the hot-spot density. Hence, an ability to 
manipulate the nano-assembly morphology, possible due to the versatile polymeric linker, 
assists us in tuning the NP junction density or the hot-spot density and thereby the SERS 
enhancements. 
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Figure 7. Plot of polymeric linker SERS intensity of the major peak at 1022 cm-1 per unit 
trithiocarbonate end group concentration (ISERS/Ctrithio) with respect to the product of average 
roundness and average peak-to-valley roughness (Z-height) of the nano-assemblies.   
 
 
 
Figure 8. Comparison of SERS spectra of (a) nano-assemblies with linker molecules only 
and nano-assemblies containing linker molecules along with Raman barcodes (b) 2-
quinolinethiol and (c) 2-naphthalenthiol. The index bar is equivalent to 20,000 counts. 
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SERS agents find major applications as chemical sensors and biological labelling where 
detection is achieved by tracking of the labels or tags. It might be apprehended that the strong 
SERS activity due to the polymeric linker might interfere with the SERS signals of the other 
Raman tag molecules, generally used as barcodes for the nano-assemblies or with the analyte 
species that needs to be detected. This possibility could be dismissed by comparing the SERS 
spectra, accumulated in identical conditions, for the polymeric linker and thiol-containing 
SERS tag molecules (both contain sulfur, hence the molecules could easily attach to the gold 
NP surface). Figure 8 shows the SERS spectrum of linker polymer from within the nano-
assemblies (spectrum a) and the SERS spectra of two typical SERS tag molecules after 
tagging the linker containing nano-assemblies with them (spectrum b and c). The tagged 
nano-assemblies (spectrum b and c with 2-quinolinethiol and 2-naphthalenthiol respectively) 
show significantly higher SERS signal intensity (approximately by an order of magnitude) 
which overwhelms the SERS spectrum due to the polymeric linker. The tag molecules could 
easily be detected at concentrations of 10-7 M. Hence there is minimum interference due to 
the linker when labelling or tagging the nano-assemblies with typical SERS tag molecules. 
Thus, such gold nano-assemblies may find potential applications as both chemical and bio-
sensors. On further bio-conjugation with target-specific ligands, these nano-assemblies might 
be applicable as SERS imaging and diagnostic agents for use in nanomedicine. 
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CONCLUSIONS 
We prepared chemically identical polymers tailored to have multiple branches ranging from 
1 to 9, thereby having 2−18 end groups that exhibit a strong affinity for gold. One was a 
linear bifunctional polymeric linker P1 with one branch and two anchoring end groups, while 
the others were hyperbranched polymers (HBPs) with 4, 5, and 9 branches. Each of these 
linkers was capable of mediating the assembly process of gold NPs. The higher order 
nanoassemblies (i.e., number of NPs per assembly >3) were investigated in greater detail. We 
noted an inverse relationship between the polymeric linker concentration (and hence the 
number of anchoring end groups) required to form the regime II nanoassemblies, with the 
degree of branching of the linker polymer. A combination of conventional TEM and tilted 
cryo-TEM images provided a clear understanding of the different nanoassembly 
morphologies. The NP junction density or hot-spot density was found to be a strong function 
of the degree of branching of the polymeric linker. We report the formation of hierarchical 
morphologies including 1D chain-like, 2D plate-like, and 3D globular structures with a 
degree of control over the NP density per assembly. For more quantitative information 
regarding the morphology of the different nanoassemblies, the TEM micrographs and AFM 
data together with the values of roundness and the product function of roundness and peak-
to-valley roughness (Z-height) were studied. It was found that the linear bi-functional linker 
P1 formed 1D chain-like assembly with lowest values for both roundness and the roundness-
roughness product. Whereas, linker P9 with 18 available anchoring end groups per HBP 
macromolecule predominantly formed 3D globular morphologies with the highest roundness 
and roundness−roughness product values. P4 and P5 yielded intermediate values with 2D 
plate-like morphology. We also studied the SERS activity of the different morphological 
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nanoassemblies due to the polymeric linker. Our hypothesis that the hot-spot density, and 
thus the SERS enhancements, would increase as a function of morphology, from 1D chains 
to 2D-like plates and finally be highest with 3D globular structures, was verified. Thus, we 
were successful in demonstrating that the tailored polymeric linkers have the potential to 
form hierarchal nanoassembly morphologies with the capability of manipulating the hot-spot 
density and tuning the SERS properties. We also show that these nanoassemblies can be 
barcoded with typical SERS tag molecules, exhibiting usefulness as tracking or imaging 
agents. Hence, these plasmonic gold nanoassemblies with engineered morphologies and 
SERS properties might find potential applications as sensors in both chemical and biomedical 
diagnostics. 
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Supporting Information. 1H NMR of the RAFT agent, 1H NMR of polymer used for 
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Hyperbranched Polymer-Gold Nanoparticle 
Assemblies: Role of polymer architecture in 
hybrid assembly formation and SERS activity 
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METHODS 
Materials. Prior to use, poly(ethylene glycol) methyl ether methacrylate (PEGMA, 𝑀�n = 
475), ethylene glycol dimethacrylate (EGDMA) and 1,4-dioxane were purified by passing 
through a column of basic alumina. Azobisisobutyronitrile (AIBN) was recrystallized from 
methanol. All of the above were obtained from Sigma Aldrich. Tetrachloroauric acid and 
trisodium citrate were obtained from ProSciTech and used as received. 2-Quinolinethiol, 2-
Naphthalenthiol was obtained from Sigma Aldrich. Deuterated chloroform (CDCl3) from 
Sigma Aldrich was used as the NMR solvent and tetrahydrofuran (THF) was used as the GPC 
mobile phase. Ultra-pure water (18 MΩ.m-1) was used in all experiments.  
(S1) 
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Synthesis of citrate stabilized gold NPs. Gold NPs were synthesized using a slight variation 
of Frens1 and Turkevich2 methods. 100 mL of 0.3 mM tetrachloroauric acid was brought to 
boil, followed by addition of 4.3 mL of aqueous trisodium citrate solution (1 wt%). A color 
change was observed with the initial pale yellowish solution turning purplish and finally red. 
The reaction was refluxed for a further 10 min. A 2 nM gold colloid was obtained with λSPR 
at 520 nm, a TEM median diameter of 17 ± 1 nm and DLS mean diameter of 18 ± 3 nm. 
 
Synthesis of RAFT hyperbranched polymers (HBP). The RAFT agent, 2-butylsulfanyl 
thiocarbonylsulfanyl-2-methyl-propionic acid prop-2-ynyl ester, was synthesized in two 
steps, firstly the carboxylic acid derivative was synthesized following a literature method3 
and was then coupled with propagyl alcohol to give an alkyne derivative. The product was 
characterized by 1H NMR (see Figure S1). HBPs were prepared by polymerizing 
poly(ethylene glycol) methyl ether methacrylate (PEGMA) (monomer, 1.5 molL-1), with 
ethylene glycol dimethacrylate (EGDMA) (branching agent), which was initiated by 
azobisisobutyronitrile (AIBN), in the presence of the RAFT agent. Dioxane was used as the 
solvent. The reaction mixture was degassed with argon and the polymerization was carried 
out at 75 ºC for 24 h. Keeping the molar ratio of concentrations of monomer to RAFT agent 
([M]/[RAFT]) at 100/5 we studied the effect of varying the concentration of EGDMA from 
0-10 mol% to obtain a series of polymers with different degrees of branching. Another 
parameter of our study was the effect of the molar ratio of concentration of RAFT agent to 
that of initiator AIBN (i.e., [RAFT]/[AIBN]). The details of the conditions have been listed 
in Table 1. Polymerization conversion was calculated by monitoring the consumption of the 
double bonds of the monomer using Raman spectroscopy which typically reached 96% in the 
(S2) 
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sample set. The polymer was then precipitated in n-hexane and its aqueous solution dialyzed 
for 5 days against water. The dialyzed samples were freeze dried for 2 days and further dried 
over magnesium sulfate and finally overnight in an oven to remove the last traces of water. 
The samples were analyzed by 1H NMR and GPC-MALLS. The branch 𝑀�n and average 
degree of polymerization (DP) of the branch was calculated from the ratio of the integrals of 
the methylene groups of p(PEGMA) to the methylene group adjacent to the terminal alkyne 
end group i.e., ratio of peak integrals at 4.08 ppm (CH2CH2O) to 4.63 ppm (CH2CCH) from 
1H NMR (see Figure S2 of Supporting Information). The number of branches was then 
calculated from the ratio of absolute 𝑀�n determined from GPC-MALLS and 1H NMR (as 
shown in Table S1), following the methodology used by Thurecht and co-workers.4,5 
 
Characterization  
1H NMR. Proton Nuclear Magnetic Resonance (1H NMR) spectra were recorded using a 
Bruker 300 MHz spectrometer (Bruker BioSpin). Deuterated chloroform was used as the 
solvent.  
GPC-MALLS. Molecular weights and molecular weight distributions were determined by size 
exclusion chromatography using a Waters HPLC system calibrated with polystyrene 
standards. Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1.0 mLmin-1.  A 
dn/dc value of 0.06 was used for calculating the 𝑀�w of the p(PEGMA) hyperbranched 
polymers using MALLS.  
UV-Vis spectroscopy. Ultraviolet-visible spectra were acquired using a Varian Cary 50 in the 
range of 400-900 nm with a 1 cm path length cell, with baseline correction.  
(S3) 
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Transmission Electron Microscopy (TEM). A JEOL 1010 and 1400 transmission electron 
microscope was used to study the size and morphology of the nano-assemblies deposited on 
200 mesh holey C-coated copper grids at 100 keV. As-prepared hybrid samples were diluted 
100 times and deposited on TEM grids, so as to minimize the drying artefacts. The median 
assembly sizes were determined using the iTEM software by measuring ∼70-85 individual 
assemblies per sample.  
Atomic Force Microscopy (AFM). The morphology and structure of the hybrid assemblies 
deposited on a gold coated Si wafer was imaged by an Atomic Force Microscope (AFM) 
Ntegra (NT-MDT) by a tapping mode cantilever. Noncontact AFM probes NSG11 series, 
each chip having two rectangular cantilevers with typical resonant frequency of 190-325 kHz 
and 115-190 kHz respectively, and force constant of 5.5-22.5 Nm-1and 2.5-10 Nm-1 
respectively, was used. 2µm x 2µm of the substrate area was scanned. All measurements 
were carried out in air at room temperature. After scanning, the images were evaluated using 
Nova software (NT-MDT). The images were further processed with ImageJ software for 
statistical information of the roundness, peak-to-valley roughness or Z-height, size etc., by 
measuring ∼150-200 individual assemblies per sample. 
Raman spectroscopy. SERS spectrum of the colloidal assemblies were recorded with 4 
accumulations in the spectral range 200-2000 cm-1 with a Renishaw model InVia 
microRaman spectrometer equipped with a 785 nm excitation from a diode laser, a single 
diffraction grating and an electrically cooled CCD detector. The laser power was ~20 mW at 
the sample. Low volume quartz cuvettes were used as sample holders. 
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Synthesis of polymer with controlled degree of branching via RAFT polymerization. It 
has been reported that an increase in degree of branching can be achieved either by 
increasing the molar concentration of the branching agent compared to that of the RAFT 
agent (i.e., [branching agent]/[RAFT]) or by increasing the monomer concentration.6 We 
used an optimum monomer concentration [M] 1.5 molL-1, because we observed gelation at 
higher concentrations and negligible branching at lower concentrations. The polymers were 
synthesized by varying the molar concentration of the branching agent or EGDMA from 0% 
to 10%. We used 0% EGDMA as one of the polymerization conditions in order to obtain a 
linear polymer structure exhibiting the minimum of two anchoring end groups. A series of 
four different polymers was synthesized by RAFT polymerization as detailed in Table S1.  
Table S1: RAFT Polymerization conditions and polymeric linker properties. 
 Polymerization conditions 
Peak 
integral  
 1H NMR 
Calculated 
from  1H NMR 
(Branch) 
GPC-
MALLS 
Polymer properties 
 
[M]/ 
[RAFT]/ 
[AIBN] 
mol 
[EGDMA] 
mol 
[M]  
molL-1 I4.08 I4.63
 
DP 
= 
I4.08
/ 
I4.63 
𝑴� n = 
DP*475 
(kDa) 
Absolute
𝑴� n (kDa) 
Average 
number of 
branches 
Nb = 
absolute  
𝑴� n /branch 
𝑴� n 
Average 
number 
of end 
groups 
(=Nb*2) 
Median 
Hydrod
ynamic 
size Dh 
(nm) 
P1 100/5/0.5 0 1.5 102 2 51 24.2 25.8 1 2 9.4 
P4 100/5/0.5 5 1.5 55 2 28 13.0 53.7 4.1 (~4) 8 8.5 
P5 100/5/1 10 1.5 26 2 13 6.1 34.4 5.6 (~5) 10 5.6 
P9 100/5/0.5 10 1.5 71 2 36 16.8 153.2 9.1 (~9) 18 9.3 
 
Table S1 shows that with increasing EGDMA concentration, there is an increase in the 
degree of branching of the resulting polymer, thereby increasing the absolute 𝑀�n and 𝑀�w 
(GPC-MALLS) of the polymer. The number-average degree of polymerization (DP) of each 
(S5) 
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branch was determined by ratioing the integrals of the methylene group adjacent to the ester 
unit in p(PEGMA) to the methylene group adjacent to the terminal alkyne end group i.e., 
ratio of peak integrals at 4.08 ppm (CH2CH2O) to 4.63 ppm (CH2CCH). The 𝑀�n was 
calculated from the DP and the molar mass of the PEGMA monomer (which in our case was 
475 Da). The ratio of the concentrations of the monomer to the RAFT agent controls the 
branch length (branch 𝑀�n, see Figure S2), which in combination with EGDMA concentration 
determines the absolute molar masses (𝑀�n and 𝑀�w, GPC-MALLS) and hydrodynamic size of 
the polymer. We observe that the polymer macromolecule hydrodynamic size increases with 
increase in branch length, which is indirectly proportional to the increase in concentration of 
RAFT agent or initiator. The polymers had an average of 1, 4, 5 and 9 branches per polymer 
and thus were named P1, P4, P5 and P9 respectively. HBPs P4 and P9 have comparable 
branch lengths (branch 𝑀�n) resulting in a similar hydrodynamic size, as shown in Table S1. 
Although, linear polymer P1 has a branch length nearly double to that of P4 and P9, due to its 
inherent flexibility it probably attains a coiled-type configuration in solution demonstrating a 
lower hydrodynamic size. Overall the synthesized polymers were of similar sizes, in the 
range of 8.5-9.5 nm, thus making polymer branching the most important differentiating 
parameter of our study. However, P5 had a lower branch length (branch 𝑀�n) and thus a 
smaller hydrodynamic size compared to the others. This might be due to the use of higher 
initiator concentrations relative to the RAFT agent leading to an increase in chain initiation, 
thereby yielding a higher number of chains with lower chain length. All the polymers were 
water soluble and no significant aggregation was observed by DLS at 5 gL-1 concentration. 
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 1H NMR spectrum of RAFT agent  
 
 
Figure S1. 1H NMR shifts of the purified RAFT agent in CDCl3 solvent. The peak at ~2.169 
is due to acetone impurity in CDCl3. 
 
1H NMR of RAFT synthesized polymer (calculation of branch 𝑴� n)  
 
 
Figure S2. 1H NMR shifts of the purified polymer in CDCl3. 𝑀�n of one branch of the 
polymer is calculated by the ratio of peak integrals of b/a.  
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Formation of Regime I, II and III for the different linker polymers 
 
Figure S3. Color of hybrid colloids at different polymer concentrations showing the 
formation of Regime I (R-I), Regime II (R-II) and Regime III (R-III). The sample in the 1st 
column (zero polymer concentration) shows the color of the citrate stabilized gold NP 
colloid. 
Table 2. Properties of Regime II hybrid assemblies. 
Linker 
polymer 
Average number 
of polymer 
branches (Nb) 
Average number of 
anchoring end groups 
per polymer 
macromolecule 
Polymer 
concentration 
required to form 
Regime II hybrids 
(nM) 
Average number of 
polymer 
macromolecules per 
intermediate hybrid 
gold NP required to 
form Regime II 
hybrids 
Total number of 
anchoring end 
groups required to 
form Regime II 
hybrids 
P1 1 2 81.5 ~ 41 82 
P4 4 8 16.3 ~ 8 64 
P5 5 10 12.2 ~ 6 60 
P9 9 18 4.1 ~ 2 36 
(S8) 
Page 135 of 222 
 
 
 AFM images of hybrid nano-assemblies 
 
Figure S4. 2D AFM data of 2µm × 2µm of (A) P1, (B) P4, (C) P5 and (D) P9 hybrids on 
gold coated Si-wafers. 
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Chapter 4 
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ABSTRACT 
The morphology of plasmonic nano-assemblies has a direct influence on optical properties, 
such as localised surface plasmon resonance (LSPR) and surface enhanced Raman scattering 
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(SERS) intensity. Assemblies with core-satellite morphologies are of particular interest, 
because this morphology has a high density of hot-spots, while constraining the overall size. 
Herein, a simple method is reported for the self-assembly of gold NPs nano-assemblies with 
a core-satellite morphology, which was mediated by hyperbranched polymer (HBP) linkers. 
The HBP linkers have repeat units that do not interact strongly with gold NPs, but have 
multiple end-groups that specifically interact with the gold NPs and act as anchoring points 
resulting in nano-assemblies with a large (~48 nm) core surrounded by smaller (~15 nm) 
satellites. It was possible to control the number of satellites in an assembly which allowed 
optical parameters such as SPR maxima and the SERS intensity to be tuned. These results 
were found to be consistent with finite-difference time domain (FDTD) simulations. 
Furthermore, the multiplexing of the nano-assemblies with a series of Raman tag molecules 
was demonstrated, without an observable signal arising from the HBP linker after tagging. 
Such plasmonic nanoassemblies could potentially serve as efficient SERS based diagnostics 
or biomedical imaging agents in nanomedicine. 
 
GRAPHICAL ABSTRACT 
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INTRODUCTION 
Surface enhanced Raman scattering (SERS) is a Raman signal enhancement effect that 
occurs when a Raman-active molecule is present in the vicinity of a metallic surface 
with nanoscale roughness.1-6 Since the first reports in the late 1970’s, significant effort 
has been dedicated to developing efficient SERS substrates, comprised of noble metal 
nanoparticles (NPs) for various fields including electronics,7, 8 understanding surface 
interactions,9, 10 photonics,11 chemical sensing,12-15 biological labelling,12, 13 imaging,16, 
17 and, more recently, as diagnostic agents for nanomedicine.3, 18, 19 When Raman-
active molecules are adsorbed in the interstitial gaps between NPs, also referred to as 
SERS “hot-spots”, their Raman signals are further enhanced,1-3, 20 which has motivated 
development of metal nano-assemblies. Colloidal nano-assemblies with nanogaps of 
0-10 nm are capable of high SERS enhancements in the order of 106-1010 and can be 
relatively simple to fabricate.5 These nano-assemblies have localised surface plasmon 
resonances (LSPR) in the visible to NIR region and the SPR maxima are strongly 
dependent on factors that include the assembly morphology, inter-particle separation 
and refractive index of the surrounding medium. In addition, the SERS intensity of 
nano-assemblies is also a function of its morphology. A multitude of NP assembly 
morphologies4-6, 21 have been investigated including dimers,22 trimers,22 Janus NPs,23 
linear nano-chains,24 network arrays,25, 26 spherical clusters27-29 and core-satellite 
constructs.23, 30-33 Typically, these structures have been fabricated by chemically-
induced aggregation of noble metal NPs, which has involved functionalisation of the 
NP surface with linker molecules or macromolecules and thereafter employing 
electrostatic destabilisation, or linker directed self-assembly to yield nano-assemblies. 
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The formation of such nano-assemblies has been reported with a variety of linear and 
branched linkers, which include DNA,34, 35 antigen-antibody complexes,36 organic 
molecules,21, 27, 37-40 linear polymers,28, 41-43 dendrimers26 and hyperbranched 
polymers.22 The end-group density is an important parameter for directing the self-
assembly process and the resulting morphology has been shown to be dependent on 
the end-group density.44 Branched polymeric linker molecules, such as dendrimers and 
hyperbranched polymers (HBP), are of particular interest, because the high end-group 
density can provide multiple groups to direct the assembly of NPs. While dendrimers 
have a precise structure, this typically comes at the expense of their synthesis 
requiring multiple reaction steps that often leads to low overall yields.45, 46 On the 
other hand, while HBPs have a less precise structure, they typically can be synthesised 
in a single step or via one-pot strategies with high yields and still maintain the benefit 
of high end-group density.47-50  
We have recently reported22, 44 the fabrication of varied morphologies including 
dimers, linear nanochains, plate-like morphologies and globular nano-assemblies by 
employing a HBP linker having end-groups with affinity for gold surfaces (namely, 
trithiocarbonate and alkyne). In these systems gold nanoparticles were coated with a 
sub-monolayer of HBP, so the aggregation was primarily achieved through charge 
destabilisation of the colloids. While some control of the size of such assemblies has 
been possible, the dispersity of the aggregate size was often broad and the 
arrangement of the NPs in the assemblies was random. A consequence of the random 
aggregation was that the SERS activity of the assemblies scaled with the aggregation 
number (i.e., number of NPs per assembly) because the hot spot density correlates 
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directly to the assembly size in such systems. Therefore, the SERS intensity could 
only be increased by preparing larger assemblies, which can be undesirable for use as 
in vitro and in vivo biomedical imaging agents. For example, in a recent review, Liz-
Marzán and co-workers6 pointed out that the size of many SERS-barcoded assemblies 
was sufficient to either completely inhibit migration into cells, or result in the 
inclusion of only a very small number of “big particles”, thus decreasing the 
sensitivity for imaging purposes.  
Core-satellite nano-assemblies have the potential to satisfy the above requirements. 
Ross and co-workers51 have simulated the optical properties of core-satellite 
assemblies and demonstrated the effect of parameters including core NP diameter, 
satellite NP diameter, number of satellites per core NP and inter-particle distance on 
red-shifts of the SPR. The influence of parameters such as satellite density and inter-
particle separation has also been verified experimentally.33, 51 Red shift of the SPR can 
be important for in vivo applications, because it shifts the SPR into the tissue 
transparency window.  
The different methods for generating core-satellite morphologies can be divided into 
two categories, namely 1) assembly mediated by complementary functionalities (e.g. 
complementary DNA strands,23, 52, 53 metal-ligand interactions30 and protein ligand 
interactions54) and 2) assembly mediated by multifunctional molecules, such as 
alkanedithiols27, 28, 49 and bifunctional aromatics.31  Focussing on category 2, Gandra et 
al.31 have reported the formation of core-satellite clusters using p-aminothiophenol (p-
ATP) as a linker molecule, where the morphology was able to be controlled by using 
different pH values at particular stages during self-assembly. Yoon and co-workers32, 
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33 have used dithiol linkers (e.g. 1,10-decanedithiol) in a multi-step process that relied 
on the ability to selectively detach gold NPs with different sizes from a substrate. 
Briefly, 51 nm NPs were attached to amino-functionalised glass slides and then the 
particles were coated with 1,10-decanedithiol. The slides were treated with 13 nm gold 
NPs resulting in a surface decorated with both core-satellite assemblies and single 13 
nm gold NPs. Sonication was then used to selectively detach the core-satellite 
assemblies leaving single 13 nm gold NPs bound to the slide. A feature of both of 
these systems was that the linker molecules were densely packed in the nanogaps 
between the core and satellites, which limits the diffusion of small molecules into the 
nanogaps, which can be important for SERS substrates and barcoding assemblies with 
different Raman active molecules.  
In this article a methodology is reported that further expands on the use of 
multifunctional molecules to mediate the generation of core-satellite assemblies, by 
using HBPs to mediate the self assembly process.  HBPs synthesised by using 
controlled free radical polymerisation methods can be synthesised in one step, and 
their size, repeat unit functionality and end-group density can be tailored.47 This 
makes them promising candidates as macromolecular linkers to form core-satellite 
particles, because it offers the possibility of tuning the size of the nanogap, controlling 
the functionality present in the nanogap and reducing the number of attachment points 
to the nanoparticles.  
This paper reports the formation of discrete core-satellite gold nano-assemblies 
mediated by tailored HBP linkers with multiple end groups that bind specifically to 
gold nanoparticles. This was achieved by maximising the coverage of the HBP coating 
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around core particles and then relying on unbound end-groups to sequester satellite 
particles that were added in a subsequent step. We investigated how the core-satellite 
NP stoichiometry could be varied to control the number of satellites per core and 
consequently what influence this had on optical properties such as LSPR maxima and 
SERS activity. The results were also compared to electric field simulations obtained 
using the finite-difference time-domain method. The core satellite assemblies were 
treated with a series of small molecules that had a range of Raman activities to 
determine whether small molecules could diffuse into the nano-gaps and whether they 
could be detected by SERS.  These experiments also demonstrated the multiplexing 
capability of these core-satellite nano-assemblies which is a key requirement for 
application of SERS diagnostic agents in nanomedicine. 
 
METHODS 
Materials. Prior to use, poly(ethylene glycol) methyl ether methacrylate (PEGMA, 𝑀�n=475), 
ethylene glycol dimethacrylate (EGDMA) and 1,4-dioxane were purified by passing through 
a column of basic alumina. Azobisisobutyronitrile (AIBN) was recrystallized from methanol. 
All of the above were obtained from Sigma Aldrich. Tetrachloroauric acid and trisodium 
citrate were obtained from ProSciTech and used as received. Melamine, 2-naphthalenethiol, 
thiophenol, adenine, methylene blue and 2-quinolinethiol were obtained from Sigma Aldrich. 
Deuterated chloroform (CDCl3) from Sigma Aldrich was used as the NMR solvent and 
tetrahydrofuran (THF) was used as the GPC mobile phase. Ultra-pure water (18 MΩm-1) was 
used in all experiments. 
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Synthesis of citrate stabilized gold NPs. Gold NPs were synthesized using a slight variation 
of Frens50 and Turkevich51 methods. 100 mL of 0.3 mM tetrachloroauric acid was brought to 
boil, followed by addition of 1.6 mL and 4.3 mL of aqueous trisodium citrate solution (1 % 
w/v) for core and satellite NPs, respectively. The reaction was refluxed for a further 10 min. 
A color change was observed with the initial pale yellowish solution turning pink and red 
respectively. The core NPs were pink in color having a SPR of 535 nm with an average TEM 
diameters of 48 ± 4 nm (aspect ratio of 1.2). Whereas, the satellite NPs were red in color with 
a SPR of 520 nm and TEM diameter of 15 ± 1 nm (aspect ratio of 1.05). 
RAFT-synthesized Hyperbranched polymers (HBP). The hyperbranched polymer was 
synthesized with polyethylene glycol methyl ether methacrylate monomer as reported in our 
earlier publication.18 A schematic of the HBP has been shown in Figure 1A. Each linear 
component or branch of the polymer was composed of PEGMA repeat units with butyl 
trithiocarbonate as the ω-end group and an alkyne as the α-end group. The linear units were 
branched with EGDMA at random positions along the chain length. The synthesized HBP 
had an average of 4 branches and hence 4 trithiocarbonates (indicated in green) and 4 alkynes 
(indicated in red) end groups per macromolecule. Both of these functionalities are capable of 
anchoring to gold surfaces52, 53 and is the driving force for the nano-assembly formation.  
Preparation of hybrid gold nano-assemblies. A schematic of the formation of the core-
satellite nano-assemblies is shown in Figure 1B. 50 µL of the aqueous polymer solution of 
concentration of ~1.5 µM was added with stirring to 3 mL of 0.11 nM citrate stabilized gold 
NPs having an average diameter of 48 nm. The mixture was further stirred for at least 3 
minutes. The colloid was left standing overnight to allow formation of gold NPs coated with 
the linker polymer, referred to as the “intermediate hybrids”, having net polymer 
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concentrations of ~20 nM. This represented theoretical polymer coverage of 100% (as per 
HBP addition, see calculation and Table S1 in Supporting Information). These intermediate 
NPs had free RAFT end groups (trithiocarbonate and alkyne) available to act as anchoring 
points for further aggregation with additional gold NPs (see Figure 1B). The “intermediate 
hybrid” colloid was centrifuged at 14,500 rpm for 6 min and the supernatant discarded to 
remove the unbound polymer and excess citrate. The colloid was then re-suspended in water 
to give 30 µL of “intermediate hybrids” with primary NP concentration of ~100 nM. Various 
mole ratios, co-relating to different volumes, of citrate stabilized satellite NPs (prepared by 
centrifugation) was added to the pink colored “intermediate hybrid” colloid and mixed using 
a vortex mixer for one minute. The colloid was then allowed to stand for 3-4 hours to reach 
equilibrium in formation of the “core-satellite assemblies”. The core-satellite assemblies 
were then centrifuged at 5000 rpm for 2 minutes to remove excess satellite NPs without 
disturbing the formed nano-assemblies and then it was re-suspended in water. The core-
satellite assemblies were then diluted with ultrapure water to obtain a primary NP 
concentration of ~2 nM and analyzed by UV-vis spectroscopy, and also used for SERS 
analysis. 
Characterization  
UV-vis spectroscopy. Ultraviolet-visible spectra were acquired using a Varian Cary 50 in the 
range of 400-900 nm with a 1 cm path length cell, with baseline correction.  
Dynamic Light Scattering (DLS). DLS measurements were performed using a Malvern 
Zetasizer Nano Series running DTS software and a 4 mW He−Ne laser at 633 nm. Analysis 
was performed at an angle of 90° and a constant temperature of 25 °C. Dilute NP 
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concentrations were used to ensure that multiple scattering and particle−particle interactions 
could be considered to be negligible.  
Transmission Electron Microscopy (TEM). A JEOL 1400 transmission electron microscope 
was used to study the size and morphology of the nano-assemblies deposited on 200 mesh 
holey C-coated copper grids at 100 keV. As-prepared hybrid samples were diluted 100-fold, 
in order to minimize the drying artefacts and deposited on TEM grids. ImageJ software was 
used for calculating the number of satellites per core NP by analyzing approximately 63-92 
individual assemblies per sample. The TEM with tilt-series was studied for 120° with 3° tilt 
intervals producing 40 images of an individual nano-assembly. The images were captured by 
SerialEM software and processed by IMOD software to obtain a video and 3D-tomographic 
model of the core-satellite assemblies. 
Raman spectroscopy. SERS spectra of the linker HBP of colloidal assemblies were recorded 
in the spectral range 200-2000 cm-1 for 4 accumulations of 40 s each. SERS spectra of the 
colloidal assemblies for multiplexing were recorded in the spectral range 200-3200 cm-1 for 5 
accumulations of 10 s each. A Renishaw model InVia microRaman spectrometer equipped 
with a 785 nm excitation from a diode laser, a single diffraction grating and an electrically 
cooled CCD detector was used. The laser power was approximately 20 mW at the sample. 
Low volume quartz cuvettes were used as sample holders. 
Electromagnetic field distribution simulations. The electromagnetic field intensity 
distribution around the nanostructures was simulated using a three dimensional finite-
difference time-domain (FDTD) method. FDTD is a powerful computational method which 
is widely used to calculate the electromagnetic properties of different materials. It treats 
Maxwell equations as a set of finite differential equations in both time and space. The model 
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space considered includes both the probe and the sample surface and consists of an 
aggregation of cubic cells (Yee cells) with each cell having its own complex dielectric 
constant. Commercial software was adopted here for the computational calculation and 
numerical analysis. The incident light was p-polarized. The mesh size in the x, y and z 
directions was Δx = 1 nm, Δy = 1 nm and Δz = 1 nm, respectively. The simulation time, t, 
was 100 fs.  Perfectly matched layer (PML) absorbing boundary conditions were selected in 
three directions. A core gold NP with a diameter of 50 nm surrounded by varying numbers of 
satellite NPs (0, 1, 5 and 8) with a diameter of 15 nm was simulated. The distance between 
the core and its satellites was assumed to be 2 nm.  
 
RESULTS AND DISCUSSION 
The overall approach that has been used for formation of core-satellite nano-assemblies is 
shown in Figure 1. Hyperbranched polymers (HBPs) (see Figure 1A) were coated around 
gold nanoparticles and unbound end-groups in this layer were used to mediate the self 
assembly of satellite particles that were added subsequently (see Figure 1B). 
The HBP was synthesized in a single step by reversible addition fragmentation chain-transfer 
(RAFT) polymerization of PEGMA. The HBP used had a hydrodynamic diameter (Dh) of 8.5 
± 2 nm, 𝑀�w of 100 kDa and an average of 4 branches, which resulted in 8 functional end 
groups, namely, 4 trithiocarbonate end groups and 4 alkyne end groups.18 RAFT 
polymerization allows incorporation of functional end groups into the structure which are 
derived from the RAFT agent and in this case the required end groups could be introduced 
during polymerisation and subsequent post-modification reactions were not required. These 
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HBPs are primarily comprised of polyethylene glycol methacrylate repeat units which do not 
strongly bind to gold NPs, but also have trithiocarbonate and alkyne end groups which have 
been reported to have strong affinities for binding to gold surfaces.52, 53  
 
Figure 1. (A) Stylized representation of the hyperbranched polymer (HBP) linker showing 
the two types of anchoring end groups of trithiocarbonate in green and alkyne in red, and (B) 
a schematic showing the formation of core-satellite nano-assemblies mediated by linker HBP 
with larger gold NPs as the core and smaller NPs as the satellites. 
 
Synthesis and optical characterization of gold NPs with different sizes for use as cores 
and satellites. In order to understand the mechanism of self-assembly of the core-satellite 
nano-assemblies, gold NPs with two different diameters were prepared using modified 
versions of the methods reported by Frens50 and Turkevich51, where the mole ratio of sodium 
citrate was varied to achieve different particle sizes. The TEM micrograph in Figure 2A show 
NPs that will subsequently be used as core NPs, were prepared with average diameters of 48 
± 4 nm and an aspect ratio of 1.2. In addition Figure 2B shows TEM micrographs of particles 
that will be used as satellites that have average diameters of 15 ± 1 nm and an aspect ratio of 
1.05. The visible spectra of aqueous colloids of the NPs are shown in Figure 2C 
demonstrating that the 48 nm core NPs had a SPR maximum at 535 nm, while the 15 nm 
satellite NPs had a SPR maximum at 520 nm, which is typical for gold NPs of these sizes.54 
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Based on the average particle sizes and the amount of gold salt added during synthesis, the 
calculated NP concentrations for the 48 and 15 nm NPs were 0.11 nM and 3.5 nM 
respectively.  
 
Figure 2. (A). TEM micrograph of gold NPs with average diameters of 48 ± 4 nm, which 
will subsequently be used as the core NP, and (B) TEM micrograph of gold NPs with average 
diameters 15 ± 1 nm which will subsequently be used as the satellite NPs. The inset shows 
the color of the colloids. TEM scale bar = 200 nm. (C) Visible spectra of the core and 
satellite NPs. 
 
Effect of stoichiometry of satellite and core NPs on the morphology of core-satellite 
nano-assemblies. The first step in the self assembly process was to form “intermediate 
hybrids” that ultimately formed the core of the assemblies. This was achieved by coating the 
48 nm gold NPs with HBP using a ligand exchange mechanism. A high degree of coverage 
of the particle with HBP was achieved by using an excess of polymer (calculation shown in 
Supporting Information), where the unbound polymer was removed by centrifugation. Re-
suspension of the centrifuged intermediate hybrids resulted in a primary particle 
concentration of approximately 100 nM. The next step involved mixing the “intermediate 
hybrids’ with varying mole ratios (0-100) of citrate stabilized gold NPs with a diameter of 15 
Page 154 of 222 
 
nm (satellites). These particles were expected to anchor to any unbound end-groups present 
on the HBP coating of the intermediate hybrid, thus forming core-satellite 
nanoassemblies.Smaller NPs are used as satellites, because they help in increasing the 
number of satellites per core NP and therefore assisting in achieving a higher number of NP 
junctions, thereby creating more hot-spots in the structure. Most of the approaches of nano-
assembly formation are based on complimentary recognition46, 48 and hence needs 
functionalization of both core and satellites, which was not a requirement in our approach 
and hence we could use the citrate stabilized satellites directly for the formation of the nano-
assemblies. This signifies the simplicity of our approach.  
The resulting colloids were found to have median diameters of approximately 95 ± 9 nm for 
the mole ratio of 5 and 105 ± 15 nm for other mole ratios (15-100) by DLS, which is 
consistent with the formation of core-satellite nano-assemblies rather than large aggregates, 
where the core NPs had diameters of 65 ± 10 nm (by DLS) and the satellites had diameters of 
18 ± 5 nm (by DLS). Within experimental error, these results were consistent with the 
formation of core-satellite nano-assemblies rather than large aggregates. 
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Figure 3. TEM micrographs of core-satellite nano-assemblies (column 1), together with their 
TEM derived statistical population of visible satellite density per core NP (column 2), with 
increasing satellite-core mole ratios of (A) 5, (B) 15, (C) 30, (D) 50, and (E) 100. Scale bar = 
50 nm  
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To determine the morphology of the assemblies, conventional TEM micrographs of each 
satellite-core mole ratios were studied and representative examples are shown in Figure 3 
(column 1). Plots showing the distribution in the number of satellites per core NP that were 
visible by TEM have also been shown (see Figure 3, column 2). Qualitatively it can be seen 
that the number of satellites per core NP increases as a function of the satellite-core mole 
ratio used in the self-assembly process. Combining the data of Figure 3 (column 2), we 
plotted the number of visible satellites per core NP (averaged value from ~85 nano-
assemblies per sample from conventional TEM) with respect to the satellite-core NP 
stoichiometry, as shown in Figure 4. The median number of visible satellites per core NP was 
observed to dramatically increase with an increase in NP stoichiometry from 0 to 30, 
followed by a less pronounced increase thereafter. With a mole ratio of 5, lower order 
assemblies of monomers and dimers (0-1 satellites per core NP) were observed, whereas, 
higher order nano-assemblies of 3-4 satellites per core NP were formed with a mole ratio of 
15. Upon increasing the mole ratio from 15 to 30, a significant increase in the satellite 
density per core NP from approximately 4 to 8 on average was observed. On further increase 
in the satellite-core mole ratio, the number of visible satellites surrounding the core increased 
marginally from 8 ± 1 to 10 ± 1 for satellite-core ratios of 30 and 100 respectively. Distinct 
core-satellite nano-assembly morphology was evident with satellite-core mole ratios of 30 
and above. The maximum number of visible satellites per core NP that was observed by 
conventional TEM was 10 ± 1. According to Song and co-workers55 a maximum of 63.4% of 
the surface area of the core will be covered with satellites if random close packing of the 
satellites around the core is assumed. Therefore, when taking this into account and then 
considering the surface area of the core along with the area that a satellite will occupy, 
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theoretically the maximum number of satellites per core is expected to be approximately 50. 
Conventional TEM measurements only clearly show the satellite NPs that extend past the 
periphery of the core NP, however, rotation of the TEM stage allows visualization of the 
other obscured satellites. To demonstrate this phenomenon TEM images were acquired 
through a total tilt of 120° at regular intervals of 3° for the assemblies formed using satellite-
core mole ratios of 30 and 100. A selection of TEM micrographs at incremental rotations of 
30° are shown in Figure 5A and B. 5-6 satellites can be observed in the TEM micrographs for 
the various rotations shown in Figure 5A, for a mole ratio of 30, but the 3D reconstruction 
reveals that at least 7 satellites are present. Similarly, 6-8 satellites could be observed at the 
different rotations (Figure 5B), for a mole ratio of 100, but the 3D reconstruction in Figure 
5D reveals that at least 10 satellites are present. These results confirm that some of the 
satellites will not be visible in conventional TEM images and show that around 25% of 
satellites will be obscured. Taking the obscured areas of the particles into account the 
maximum number of satellites would be 15, which is still considerably less than the 
theoretical maximum of 50. The lower density of approximately 10 satellites obtained is 
likely due to the negative charge of the citrate stabilized satellite NPs which causes repulsion 
between the satellites and will restrict close packing of satellites on the core and also inhibit 
formation of satellite-satellite NP junctions. 
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Figure 4. Plot of median number of visible satellites per core NP with respect to satellite-
core NP stoichiometry i.e., satellite to core mole ratio. 
 
 
 
Figure 5. Tilt-TEM images at 30° tilt intervals for core-satellite nano-assemblies of mole 
ratios of (A) 30 and (B) 100. 3D tomographic model of core-satellite assemblies of NP 
stoichiometry of (C) 30 and (D) 100, demonstrating 7 and 10 satellites per core NP 
respectively. Core NP shown in pink and satellite NP shown in red. Scale bar = 50 nm (A and 
B) and 13 nm (C and D). 
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The gap separating the satellite and core NPs will also be important in dictating the SERS 
intensity. The series of TEM micrographs at various angles of tilt that were described above 
revealed that the average separation between the core and satellites was approximately 1.2 ± 
0.4 nm. The DLS median size of the HBP linker, when dissolved in water, was 
approximately 8.5 nm. This disparity is probably due to distortion of the polymer 
conformation that results from anchoring to NP surfaces and also the dehydration of the 
polymer upon drying on the TEM grid. 
 
 
Figure 6. Visible spectra of core-satellite assemblies with satellite-core mole ratio of (a) 5, 
(b) 15, (c) 30, (d) 50, and (e) 100. The spectra are offset by 0.25 a.u. 
 
Optical properties of the core-satellite nano-assemblies. The visible spectra and 
photographs of the assembled colloids after centrifugation and re-suspension in water are 
shown in Figure 6. The core NPs and intermediate hybrids demonstrated a SPR maxima at 
535 nm and 537 nm respectively (shown as the 2 data points at a mole ratio of 0 in Figure 7A 
and B). The SPR red-shift of ~2 nm for the intermediate hybrids is probably due to the 
increase in the refractive index of the surrounding media as a result of the polymer coating on 
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the NPs.56 After normalization of the visible spectra and spectral subtraction of the core NP 
spectrum, we obtained SPR maxima for each individual mole ratios of the core-satellite 
assemblies. The plot in Figure 7A demonstrates that the SPR shifts to the red with an 
increasing number of satellites per core NP. The maximum SPR shift achieved, for nano-
assemblies with a median of 10 satellites per core, was ~105 nm with secondary SPR maxima 
at ~640 nm. As theoretically demonstrated in simulations by Ross and co-workers, the SPR is 
predicted to red-shift with increasing numbers of satellite particles and the magnitude of the 
shift is a combined function of the core NP diameter, satellite NP diameter, core-satellite 
inter-particle distance and the number of satellites per core NP.45 We also studied the ratio of 
the absorbance at 635 nm to that of 535 nm (Abs635/Abs535) as a function of the number of 
satellites per core NP (see Figure 7B), which demonstrated a linear dependence on the 
satellite density. Therefore, we can conclude that the optical characteristics of the core-
satellite nano-assemblies specifically, the SPR shift and the absorbance ratio, is a direct 
function of the number of satellites per core NP.  
 
Figure 7. Plot of (A) SPR maximum, and (B) SPR absorbance ratio of 635 to 535 nm 
(Abs635/Abs535), with respect to the number of satellites per core. 
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SERS activity of core-satellite nano-assemblies.  It has been well documented in the 
literature that higher Raman signal intensity is obtained from higher order assemblies i.e., 
increase in hot-spot density.5 Hence, the SERS performance not only acts as a means to 
characterize the extent of aggregation and hot-spot density, but also helps us in tailoring the 
nano-assemblies to achieve highest SERS efficiency. A typical HBP SERS spectrum of the 
nano-assemblies is shown in Figure S3 in the Supporting Information. The peak at 1380 cm-1 
was assigned to δ(CH3) from the p(PEGMA), while the peaks at 1022 cm-1 and 800 cm-1 
were assigned to the υ(C=S) and υ(C−S) modes respectively which can be attributed to the 
trithiocarbonate end group. The SERS of the HBP-containing satellite-core NP junctions 
provides a good insight into the relative number of SERS-active hot-spots of the nano-
assemblies (see cartoon in Figure 8). As discussed earlier, satellite-satellite junctions are 
unlikely to be formed and hence their contribution towards SERS can be considered 
negligible. The intensity of the signature peak at 1380 cm-1 was plotted with respect to the 
number of satellites per core, and is shown in Figure 8. The intermediate hybrid (acting as the 
reference sample, 0 mole ratio) did not show any SERS signal due to the HBP. This shows 
that the signal enhancement due to the single gold NPs with a diameter of 48 nm is 
insufficient for detecting a concentration of ~10-9 M of HBP macromolecules, contributing to 
a monolayer on the core NPs. In contrast, the core-satellite nano-assemblies were able to 
detect this low concentration of the HBP in the 10-9 M range, and highlight the very high 
SERS activity of these systems. Figure 8 shows a linear increase in SERS intensity with the 
increase in the number of satellites per core. The SERS intensities reported are an average 
intensity of three sample batches and was measured at three positions for each sample and are 
observed to have low variation. This low standard deviation of the SERS intensities (see  
Page 162 of 222 
 
Figure 8) confirms the reproducibility of SERS of the assemblies. 
 
Figure 8. Plot of SERS intensity at 1380 cm-1 due to linker HBP versus the number of 
satellites per core NP, along with the cartoon of the core-satellite nano-assembly 
schematically showing the location of the HBP-containing SERS-active hot-spots. 
 
 
To investigate this further, finite-difference time-domain (FDTD) simulations were 
performed to estimate the electric field intensity for core-satellite assemblies with varying 
numbers of satellite NPs (see Figure 9A). The core NPs with no satellites has a very low 
electric field intensity (|E|2) at the surface of the NP (Figure 9A a), when compared to those 
decorated with satellite NPs, which exhibit a high electric field intensity in the gap between 
the core and satellite NPs (Figure 9A b-d). The highest intensities were observed for the gaps 
that coincide with the direction of polarization. When the electric field intensity was 
integrated for the morphologies, a linear relationship was observed with the number of 
satellites, which is consistent with the linear increase in SERS intensity with number of 
satellites that was observed experimentally (as shown in Figure 8). These core-satellite nano-
assemblies show evidence of a significant degree of control on the morphology, size, satellite 
density and hot-spot density, providing us with tunable SERS enhancements. Such tailor-
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made nano-assemblies exhibit potential for applications as plasmonic bio-sensors in various 
fields including electronics, catalysis and medical diagnostics. 
 
Figure 9. (A). FDTD simulation showing the electric field intensity (|E|2) of core-satellite 
nano-assemblies with (a) 0, (b) 1, (c) 5, and (d) 8 satellites per core NP. The direction of 
polarization is approximately + 45° from the vertical. (B). Plot of integrated electric field 
from the calculations of FDTD simulation study with respect to the number of satellites per 
core NP. 
 
 
Multiplexing of core-satellite nano-assemblies. Both fluorescence based quantum dots57 
and SERS based gold NPs58 have shown great potential as multiplexed diagnostic and 
biomedical imaging agents. For successful translation of these diagnostic agents for use in ex 
vivo or in vivo conditions, the key requirements include negligible auto-fluorescence in the 
tissue NIR window, low cytotoxicity, multiplexing capability (simultaneous detection of 
different “tags” or signatures) and negligible or no photo-bleaching.3, 10, 14, 15, 59 Gold NP 
based SERS agents comply with all the above requirements and hence are well suited for 
biomedical applications.11, 60 As demonstrated earlier, the engineered core-satellite nano-
assemblies have high hot-spot density and demonstrate enhanced SERS activity. The 
capability of multiplexing of the core-satellite assemblies was thus investigated with six 
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different commercially available Raman tag molecules. The tag molecules selected consisted 
of both amine and thiol derivatives which would allow them to anchor to the gold NPs. They 
demonstrated a broad range of Raman tag efficiency i.e., low, medium and high Raman 
signal intensity per unit concentration of the tag molecule. The Raman tags were added 
individually to the core-satellite nano-assemblies and their SERS spectrum studied with an 
excitation line of 785 nm, as shown in Figure 10A. The HBP concentration (~10-9 M) was at 
least two orders of magnitude lower than that employed for the Raman tag molecules (~10-7 
M), thus the SERS spectrum of the HBP from the nano-assemblies was overwhelmed with 
that of the tag molecule and did not cause interference in detection of the tags both 
individually and after multiplexing. This suggests that the HBP linker will not interfere with 
analyte detection at concentrations as low as 10-7 M, an important criterion for usefulness of 
SERS nano-assemblies as bio-sensors. 
 
Figure 10. (A) SERS spectra of core-satellite assemblies tagged with (a) melamine, (b) 
adenine, (c) 2-naphthalenethiol, (d) thiophenol, (e) methylene blue, and (f) 2-quinolinethiol, 
individually. The individual intensities have been adjusted so as to make the signature peaks 
prominent. (B) SERS spectrum of the multiplexed (six tags a-f) core-satellite nano-
assemblies. Same colors have been used to indicate the non-overlapping signature peak of the 
tag molecules (in B) as the color used for their individual spectrums (in A). 
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 The tag molecules such as melamine and adenine demonstrated lower SERS signal 
intensities (Figure 10A (spectrum a, b)) compared with the high intensity signals obtained 
from 2-naphthalenethiol, 2-quinolinethiol and thiophenol (Figure 10A (spectrum c, f, d)). 
Methylene blue showed intermediate SERS intensities (Figure 10A (spectrum e)). This 
demonstrated that the core-satellite nano-assemblies could be barcoded with different Raman 
tag molecules. These individually barcoded colloidal nano-assemblies were combined into a 
single multiplexed colloid where six types of barcoded assemblies co-existed. The SERS 
spectrum of the multiplexed core-satellite assemblies was analyzed and the six different 
individual barcodes was recognised by detecting their non-overlapping characteristic peaks. 
The individual tags demonstrated different signal intensities and hence the tag molecule 
concentrations were accordingly adjusted in the multiplexed sample. The multiplexed 
spectrum in Figure 9B shows the presence of melamine (signature peak at 693 cm-1), adenine 
(signature peak at 745 cm-1), 2-naphthalenethiol (signature peak at 1620, 1577, 370 cm-1), 
thiophenol (signature peak at 999, 420 cm-1), methylene blue (signature peak at 450 cm-1), 
and 2-quinolinethiol (signature peak at 779 cm-1). The peaks at 1380, 1022 and 1069 cm-1 
were common to more than one Raman tag molecule and hence have not been used as an 
identifying peak for the barcodes in the multiplexed spectrum. This study confirms that the 
core-satellite assemblies can be easily multiplexed with a variety of Raman tag molecules, 
thereby making them ideal candidates as SERS-based diagnostics or biomedical imaging 
agents for use in nanomedicine.  
 
 
 
Page 166 of 222 
 
CONCLUSIONS 
The formation of core-satellite plasmonic nano-assemblies was investigated, where the self 
assembly was mediated by hyperbranched polymer linkers which had multiple end-groups 
that could specifically bind to gold nanoparticles. Gold particles that would ultimately 
constitute the core were coated with HBP, such that the coverage was maximised using an 
excess of the polymer and then purified by centrifugation. The unbound end- groups on the 
HBP coating the ‘intermediate hybrids’ were then used to sequester satellite particles. The 
core-satellite morphology was confirmed by conventional TEM, as well as reconstruction of 
TEM micrographs at various tilt angles. These results also revealed that the density of 
satellites was dependent on the mole ratio of the satellite to core NPs used during the self-
assembly and began to level off for ratios above 30. This result was also supported by the 
FDTD simulation studies. We observed that the optical characteristics of the nano-assemblies 
including the SPR shift and the SPR absorbance ratios were a direct function of the number 
of satellites per core NP. Hence, the ability to control the satellite density gives the capability 
to control the SERS-active hot-spot density and thereby tune the SERS performance. 
Evidence was also provided that our core-satellite nano-assemblies have the potential to be 
used as multiplexed imaging agents by demonstrating SERS spectra could be obtained from 
after six commercially available SERS tag molecules were allowed to diffuse into the hot 
spots. It should also be noted that assemblies could be easily be detected at concentrations of 
2 nM. Thus, these SERS-active core-satellite nano-assemblies, having tunable SPR and hot-
spot density along with useful multiplexing capability, could potentially serve as SERS 
diagnostic or imaging agents in nanomedicine. 
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Preparation of hybrid gold nano-assemblies for different HBP coverage. 50 µL of the 
aqueous polymer solution of various concentrations in the range of 0-1.5 µM, was added with 
stirring to 3 mL of 0.11 nM citrate stabilized gold NPs with average diameters of 48 nm. The 
mixture was further stirred for at least 3 minutes. The colloid was left standing overnight to 
(S1) 
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allow formation of gold NPs coated with the linker polymer, referred to as the “intermediate 
hybrids”, having net polymer concentrations of 0-20 nM. By varying the amount of polymer 
added, a series of “intermediate hybrids” were prepared that constituted gold NPs with 
varying degrees of polymer coverage (theoretical) from 0-100%. The further steps were 
carried on as described in the experimental section in the main text. 
 
Effect of linker HBP coverage on the formation of core-satellite nano-assemblies. We 
have recently reported that the linker HBP concentration, hence the HBP coverage, plays an 
essential role in the formation of dimers and higher order (i.e., number of NPs per assembly) 
nano-assemblies for equimolar ratios of NPs.1 Hence, a series of HBP coverage with an 
excess of satellite to core NPs (mole ratio of 30) was investigated, to understand its 
importance in the core-satellite assembly formation. Core gold NPs (~48 nm) were coated 
with HBP to give surface coverage of 0% - 100%, forming the “intermediate hybrids”. The 
polymer coverage was calculated based on the surface area of core NPs, the hydrodynamic 
size of the HBP linker and their relative concentrations as added for forming the intermediate 
hybrids (detailed calculation has been provided below). The unbound polymer was removed 
by centrifugation and then the NPs were re-suspended to give concentrations of ~100 nM, 
after which a 30 mole excess of citrate stabilized satellite gold NPs (~15 nm) were added. 
After allowing 3-4 hours for the self-assembly process to reach equilibrium, the resulting 
nano-assemblies were centrifuged to remove unattached satellites.  
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Calculation for HBP coverage 
Theoretical average number of HBP macromolecules required for 100% coverage of 48 
nm diameter core NP  
= 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑎𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐻𝐵𝑃 
𝑎𝑟𝑒𝑎 𝑐𝑜𝑣𝑒𝑟𝑒𝑑𝑏𝑦 1 𝐻𝐵𝑃   * packing factor 
= 10032.79
56.76 ∗ 0.634 = 112 
No. of HBP macromolecules per NP ** = 
𝑛𝑒𝑡 𝐻𝐵𝑃 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑀)
𝑛𝑒𝑡 𝑔𝑜𝑙𝑑 𝑁𝑃 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑀)  
HBP stoichiometry = 𝑁𝑜.  𝑜𝑓 𝐻𝐵𝑃 𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑁𝑃
𝑁𝑜.  𝑜𝑓 𝐻𝐵𝑃 𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑁𝑃 𝑓𝑜𝑟 100% 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 
= 𝑁𝑜.  𝑜𝑓 𝐻𝐵𝑃 𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑝𝑒𝑟 𝑁𝑃
112
 
Net HBP concentration 
(nM) (as experimentally 
added)** 
Number of HBP 
macromolecules per  NP HBP stoichiometry 
4.97 45 
 
0.4 
9.78 89 
 
0.8 
14.59 132 
 
1.2 
19.57 178 
 
1.6 
 
** The concentrations used for calculations depends on the HBP added and assumes that no 
HBP is removed during centrifuging, as it was practically difficult to quantify it -which might 
be a limitation of our calculation. Since, the maximum random close packing ratio for 
spheres is 63.4%,5 hence when HBP was added equivalent to the theoretical 100% coverage, 
(S3) 
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only approximately 63.4% HBP might actually assemble on the core NP, whereas the 
unanchored excess might have been removed during the centrifugation. 
 
The 0% HBP coverage representing citrate stabilized core gold NPs served as a reference. 
The formation of nano-assemblies was followed by monitoring the qualitative color change 
(pinkish to purplish or bluish) and quantitative red-shift in SPR of the colloid. A higher SPR 
shift demonstrates higher aggregation and is a result of an increase in satellites per core NP, 
in addition to, the reduction in core-satellite inter-particle distance.2, 3 Figure S1 shows that 
with increasing coverage of the HBP, a secondary peak at 635 nm was observed to increase 
in intensity relative to the primary peak at 535 nm. The secondary SPR peak confirms 
aggregation of the NPs into assemblies and the increase in relative SPR intensities indicates 
that a higher degree of aggregation occurs with increasing polymer coverage. 
   
Figure S1. Visible spectra of core-satellite nano-assemblies using HBP stoichiometry 
relative to 100% coverage of (a) 0, (b) 0.4, (c) 0.8, (d) 1.2 and (e) 1.6 with satellite-core 
mole ratio of 30.. The colloid color is shown in the inset. The spectra are offset by 0.25 a.u. 
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SERS provides useful information with respect to the formation of nano-assemblies and has 
been extensively utilized by researchers as a means to characterize the extent of aggregation 
and nano-assembly formation. It has been well documented in literature that higher Raman 
signal intensity is obtained with formation of higher order assemblies.4 The HBPs occupying 
the hot-spots provided us with a better understanding of the nano-assemblies and hot-spot 
density. A typical SERS spectrum of HBP within nano-assemblies is shown in Figure S3. 
The peak at 1380 cm-1 was assigned to δ(CH3) from the p(PEGMA), while the peaks at 1022 
cm-1 and 800 cm-1 were assigned to the υ(C=S) and υ(C−S) modes respectively which can be 
attributed to the trithiocarbonate end group. Although the concentration of the HBP on the 
core NP is low (~10-9 M) and is not sufficient to provide a good SERS at single gold NP 
surfaces, prominent signature peaks are observed with the formed nano-assemblies. As 
shown in Figure S2, we observed that the SERS intensity at 1380 cm-1 increases with the 
increase in HBP coverage. This therefore confirms, in addition to the relative SPR intensities, 
that higher HBP coverage results in the formation of higher order assemblies with increased 
satellite density, thus providing higher SERS activity. 
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Figure S2. Plot of SERS intensity at 1380 cm-1 due to linker HBP with respect to HBP 
coverage of intermediate hybrids of core NPs.  
 
 
 
Figure S3. SERS spectrum of HBP linker in core-satellite assemblies. 
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Chapter 5 
SERS based detection of barcoded gold 
nanoparticle assemblies from within animal 
tissue 
Priyanka Dey,a  William Olds,a  Idriss Blakey,b  Kristofer J. Thurecht,b Emad L. Izakea  and 
Peter M. Fredericksa* 
a School of Chemistry, Physics and Mechanical Engineering, Queensland University of 
Technology, Brisbane, Queensland 4001, Australia 
b Australian Institute of Bioengineering and Nanotechnology and Centre for Advanced 
Imaging, University of Queensland, St. Lucia, Queensland 4072, Australia 
  
ABSTRACT  
We have explored the potential of deep Raman spectroscopy, specifically surface enhanced 
spatially offset Raman spectroscopy (SESORS), for non-invasive detection from within 
animal tissue, by employing SERS-barcoded nanoparticle (NP) assemblies as the diagnostic 
agent. This concept has been experimentally verified in a clinic-relevant backscattered 
Raman system with an excitation line of 785 nm under ex vivo conditions. We have shown 
that our SORS system, with a fixed offset of 2-3 mm, offered sensitive probing of injected 
QTH-barcoded NP assemblies through animal tissue containing both protein and lipid. In 
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comparison to that of non-aggregated SERS-barcoded gold NPs, we have demonstrated that 
the tailored SERS-barcoded aggregated NP assemblies have significantly higher detection 
sensitivity. We report that these NP assemblies can be readily detected at depths of 7-8 mm 
from within animal proteinaceous tissue with high signal-to-noise (S/N) ratio. In addition 
they could also be detected from beneath 1-2 mm of animal tissue with high lipid content, 
which generally poses a challenge due to high absorption of lipids in the near-infrared region. 
We have also shown that the signal intensity and S/N ratio at a particular depth is a function 
of the SERS tag concentration used and that our SORS system has a QTH detection limit of 
10-6 M. Higher detection depths may possibly be obtained with optimization of the NP 
assemblies, along with improvements in the instrumentation. Such NP assemblies offer 
prospects for in vivo, non-invasive detection of tumors along with scope for incorporation of 
drugs and their targeted and controlled release at tumor sites. These diagnostic agents 
combined with drug delivery systems could serve as a “theranostic agent”, an integration of 
diagnostics and therapeutics into a single platform. 
 
GRAPHICAL ABSTRACT 
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INTRODUCTION 
Current research in the field of nanomedicine requires accurate molecular level quantification 
and demands high throughput analytical systems. Modern analytical techniques conjointly 
with nanotechnology might be the way forward. Nanotechnology offers the potential to 
integrate diagnostic and therapeutic capabilities into a single platform. The amalgamation of 
molecular biology and medical imaging has instigated the utilization of nanoparticle (NP) 
systems for both therapeutic and diagnostic applications.1-3 Emerging applications include 
image-guided resection, in vivo optical/photoacoustic imaging, thermoablative therapy, 
together with early stage diagnosis and treatment of cancer.3-7 
There are numerous clinical needs where the application of an in vivo target-specific test 
would significantly aid an accurate, early and rapid diagnosis. One of the potential 
applications is early cancer detection and treatment monitoring. The ideal diagnostic tool 
would provide rapid, non-invasive diagnosis with high throughput and without prior tissue 
processing. One approach to this problem utilizes Raman spectroscopy which has a high 
chemical specificity and capability to probe hydrated samples. A recent detailed review by 
Stone and co-workers8 confirms the potential of Raman spectroscopy for biodiagnostics. As 
Raman signals are generally weak, techniques for enhancing their sensitivity such as surface-
enhanced Raman scattering (SERS) have been exploited. When Raman active molecules are 
adsorbed on a NP surface or within the NP junctions of NP assemblies (often referred to as 
“hot-spots”), their Raman signals are dramatically enhanced, a phenomenon known as 
surface-enhanced Raman scattering (SERS).9-12 
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This has led to considerable interest in the development of SERS-barcoded NPs as 
“diagnostic agents”, for selectively imaging parts of organs, tissues or cells within living 
organisms. SERS-based NP diagnostic agents have been widely investigated in the literature 
due to an improved scope for multiplexing compared with the more commonly used 
fluorescence based diagnostic agents. Qian et al.13 demonstrated in vivo tumor targeting and 
SERS detection based on pegylated gold NPs. They found that these NPs were considerably 
brighter than semiconductor quantum dots and could be functionalized to facilitate tumor 
targeting. Wang et. al.14 reported a method using SERS to directly measure targeted 
circulating tumor cells (CTCs) in the presence of white blood cells. SERS-barcoded silver 
NPs have also gained some importance in this field.15 There have been couple of reports16, 17 
on use of commercial silica coated SERS-barcoded gold NPs from Oxonica (Nanoplex 
Biotags) as the Raman diagnostic agent. The SERS-barcoded NPs used in these studies are 
mostly based on single NP systems. The Oxonica gold core/silica shell NPs, were reported to 
consist primarily of monomers (59%), with 17% dimers and 11% trimers.18 A feature of 
single spherical NP is that the relative SERS enhancement can be low compared with 
nanorods, dimers or higher order aggregated assemblies.10, 18 Improvement in SERS detection 
sensitivity can be achieved by optimizing the “hot-spot” density of the barcoded NPs. A high 
“hot-spot” density allows efficient NP identification through SERS, thus avoiding structural 
damage of biomolecules, which is essential when the NPs are used for imaging in living 
organisms (tissues or cells). Size is another key parameter, especially when dealing with the 
migration of NPs into the cells via the enhanced permeability and retention (EPR) effect.19, 20 
One of the major areas of development of barcoded NPs for biodiagnostics and labelling with 
SERS concerns with NP assemblies.21-24 Liz-Marzán and co-workers25 in a recent review 
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have pointed out that the available SERS-barcoded assemblies are usually large and their size 
either completely inhibits migration into the cell or results in the inclusion of only a very 
small number of ‘‘big particles’’, thus decreasing the resolution for imaging purposes. Thus 
there is a requirement of suitable sized NP assemblies with better SERS activity and solution 
stability. We have recently reported the preparation of stable aggregated NP assemblies 
mediated by hyperbranched polymer (HBP) (see fig. 1) which have shown improved SERS 
activity compared with non-aggregated NPs.24 These NP assemblies consist of approximately 
15% monomers, 10% dimers and 75% of higher aggregated structures. Such aggregated NP 
assemblies with high number of NP junctions or “hot-spots” were found to be stable in 
solution, hence injectable, and inherently biocompatible due to HBP pegylation. These were 
of sizes in the range of 50-120 nm which are known to promote passive targeting to tumor 
sites via the enhanced permeability and retention (EPR) effect19, 20 in addition to the 
possibility of SERS multiplexing24. The HBP can further be functionalized to incorporate 
active targeting ligands along with components for site-specific stimuli-responsive drug 
delivery.26  
Though SERS has proven to be a useful technique for boosting Raman signals, considerable 
research is still required to be able to employ Raman spectroscopy as a clinical diagnostic 
tool. Detection from within tissue has been one of the major concerns due to the diffuse 
scattering nature of the tissues in addition to the strong sideways diffusion of photons. The 
stronger Raman signals originating from surface layers overwhelms the Raman spectrum 
from deeper layers, hindering detection from within tissue. Additional background signal, 
originating mainly from melanin components of skin often causes large fluorescence 
emission which can further obscure much weaker Raman signals from deeper areas of the 
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tissue. Deep Raman techniques using either temporal or spatial gating, based on 
differentiating between Raman signals emerging from different depths within the sample, 
have provided the opportunity for a variety of new applications including non-invasive bone 
disease diagnosis, chemical characterization of ‘stone-like’ materials in urology and cancer 
detection in a number of organs.27 The most commonly employed deep Raman spectroscopy 
technique is spatially offset Raman spectroscopy (SORS).8, 15, 17, 27-30  In this approach the 
acquisition point is spatially offset by a distance, ∆s, from the laser illumination point. 
Conventional backscattered Raman spectroscopy can be considered as SORS with no offset 
(∆s = 0). The offset determines the different relative contributions from the surface and sub-
surface layers due to the wider spread of Raman scattered photons emerging from deeper 
layers of the sample.31 The loss of intensity due to fluorescence originating at the surface and 
photons propagating sideways within the surface layer are considerably minimized as a result 
of the lateral offset. Matousek and co-workers combined the concept of SERS and SORS and 
coined the term surface-enhanced spatially offset Raman spectroscopy (SESORS)15, 17 where 
they have used a transmission Raman configuration as a specialized form of SORS. They 
were able to detect the SERS-barcoded NPs (Oxonica Nanoplex Biotags) in pork tissue at 
depths of up to 50 mm, as well as demonstrated multiplexing of four constructs barcoded 
with different SERS dyes. Matousek and co-workers employed experimentation and Monte 
Carlo simulations to demonstrate that a transmission geometry was invariant to sample 
thickness, whereas, with backscattered geometry the intensity decreased by 4 orders of 
magnitude while probing from a depth of 3 mm in a 4 mm thick tablet.32 Although it was 
shown that transmission SORS geometry could achieve higher penetration depths, the 
backscattering approach seemed to be of more practical clinical application. The maximum 
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penetration depths reported for backscattered SORS system for non-SERS biomedical 
applications are 2 mm for bone defect detection in human thumb33 and 8.7 mm for detection 
of calcification ratios in breast cancer34. Van Duyne and co-workers30 have utilized the 
backscattered SESORS system for detecting blood glucose level in rat model by placing the 
silver films in a pocket made in the rat skin. Keren and co-workers achieved a depth of 5.5 
mm from within phantom tissue by employing a backscattered SERS system for deep tissue 
detection of SERS-barcoded monomeric Oxonica NPs.16 Thus, there is a requirement for 
developing a strategy in order to improve the sensitivity of the backscattered SORS system 
for possible use in clinical settings for imaging tissues. Our strategy involves the use of a 
tailored SERS diagnostic agent that is comprised of gold NP aggregates in a more clinic-
relevant backscattered SORS technique, but to the best of our knowledge there have been no 
reported attempts to do this.  
In this report, we assess the potential of the tailored NP aggregates or assemblies as SERS 
diagnostic agents by probing detection from within animal tissue by employing a 
backscattered SORS technique. We used chicken breast tissue as a model for proteinaceous 
tissue and chicken skin as a model for high lipid containing tissue. Although the work 
described is ex vivo it allows us to demonstrate the concept of SERS diagnostic agents for in 
vivo biodiagnostics. 
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METHODS 
Nanoparticle assemblies and SERS barcoding 
NP assemblies were prepared according to our previous report by a three-step procedure.24 
The assemblies providing the highest SERS enhancement, as observed in our previous study, 
were selected for the SESORS experiments. A Raman tag molecule, 2-quinolinethiol (QTH), 
was chosen for this study and was added to these assemblies so as to get it adsorbed onto the 
NP surface and into the “hot-spots”, thus barcoding the NP assemblies for use as diagnostic 
agents. The barcoded gold NP assemblies have been shown in their cartoon form in fig. 1. 
 
Figure 1. Cartoon of the SERS-barcoded HBP-mediated gold NP assemblies.  
 
In-house SORS system with a fixed offset 
A detailed description of the configuration of the in-house SORS system, referred to as the 
spot illumination system, has previously been reported.31 The excitation source was a 
temperature-stabilised near-infrared (785 nm) diode laser delivering 400 mW power to a spot 
(~1 mm diameter) on the sample. Raman light was collected in backscattered geometry by an 
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optical probe which was connected via fibre optics to the spectrograph detection system, as 
shown in fig. 2b. The sample was placed at 6 cm from the collection optics. The collection 
optics consisted of a 1:1 imaging system. The excitation was focussed at the centre of a ring 
of fibres where the ring itself acted as the collection end of the fibre bundle. This creates the 
spatial offset of 2-3 mm as a result of the radius of the ring of fibres. The fibre bundle then 
directs the photons (collected from the offset) to the spectrograph (at this end the fibres are 
arranged in a line).30 The Raman photons were detected with a CCD camera 
(thermoelectrically cooled to –70°C). All SESORS spectra were collected under consistent 
conditions with a spectral range of 350-1800 cm-1 and a measurement time of 10 
accumulations of 30 s. No tissue damage was observed while probing detection from the 
tissues. 
 
 
Figure 2. In-house SORS set-up with (a) sample position for injection in chicken protein 
tissue (top-view), (b) SORS optics (top-view), and (c) sample set-up for chicken lipid tissue 
(front-view facing the optics). (a & c) The red arrows show the direction of incidence and 
collection. 
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Sample preparation for detection from within proteinaceous animal tissue  
The sample preparation was undertaken to simulate a real life situation by injecting the 
diagnostic agent into a tissue and detecting it non-invasively. 20 µL of the NP assembly 
solution was injected perpendicular to plane ‘B’ into a proteinaceous chicken (breast) tissue 
at the required detection depth (distance between plane ‘A’ and injection point), as shown in 
fig. 2a. Injection depths of 3-4 mm and 7-8 mm (from plane ‘A’) were thus examined. The 
sample was then placed in front of the imaging system such that the plane ‘A’ acted as both 
the illumination and collection plane. Spectral data analysis including spectral subtraction 
was performed using the GRAMS AI software package.  
 
Sample preparation for detection from within animal lipid tissue 
100 µL of the SERS-barcoded assemblies was drop-cast on a stainless steel (SS) slab. A 1-2 
mm thick translucent sample of chicken skin with the lipid layer intact (removed from a 
chicken leg) was then placed over the SS slab and the assembly was clamped on a sample 
holder which was then aligned vertically so that the tissue faced the laser as shown in fig. 2c. 
As the tissue itself was approximately 1-2 mm thick in total, we could not use the injection 
method for sample preparation. A reference SERS spectrum of QTH was obtained by taking 
a direct spectrum of QTH-barcoded gold NP assemblies without the chicken lipid tissue on 
top. Spectral data analysis including spectral subtraction was performed using the GRAMS 
AI software package. 
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RESULTS AND DISCUSSION 
In order to improve the detection of barcoded NPs from within tissue layers for use in 
biodiagnostics, it is essential to improve both the efficiency of the barcoded NPs as well as 
the detection system. SORS has proven to be an effective deep tissue Raman detection 
system.17, 27 As explained earlier we opted to utilize the more clinic-relevant backscattered 
SORS system for our study in deep tissue detection of SERS-barcoded colloidal NP 
assemblies. It should be noted that our in-house Raman system, which has a fixed SORS 
offset of 2-3 mm, was built for another purpose and is not optimized for tissue work.  
 
Comparison of SORS and Conventional direct Raman geometry 
In order to investigate the effectiveness of our SORS set-up for detection from within tissue, 
we compared our fixed offset of 2-3 mm (∆s ≅ 3) with a conventional direct Raman geometry 
(∆s = 0). We used identical QTH-barcoded NP assemblies and probed detection from 
underneath 1-2 mm of chicken skin (high lipid containing tissue). As shown in fig. 3, after 
spectral subtraction of the chicken skin spectrum, the primary peaks of QTH were 
identifiable from within the chicken skin with both conventional direct Raman and SORS 
set–up. The primary SERS peaks of QTH appear at 1369 cm-1, 1322 cm-1, 779 cm-1 and 602 
cm-1. Although neither the Raman or SERS spectra of QTH itself have been studied, these 
peaks can be assigned tentatively, on the basis of related compounds, to the aromatic υ(CC), 
υ(C=C) + υ(CN), ring breathing and/or out-of-plane C-H bend, and C-C-C bending 
vibrations, respectively 35-37. The signature peak of QTH at 779 cm-1 has been shown in the 
inset of fig. 3, and shows that after spectral subtraction of the surface lipid layer, the peak 
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intensity is higher by approximately 40% in the case of the offset than the conventional direct 
Raman geometry.  
 
Figure 3. (a) SERS spectrum of QTH barcoded NP assemblies as reference without any 
tissue with conventional direct Raman set-up, (b) Spectra of QTH-barcoded NP assemblies 
with detection through 1-2 mm of chicken lipid tissue with conventional direct Raman set-up 
tissue, (c) Spectra of QTH-barcoded NP assemblies with detection through 1-2 mm of 
chicken lipid tissue with SORS set-up at approximately 2-3 mm offset. Each spectrum was 
collected with 10 accumulations of 30 s. Major peaks marked with dotted line. Inset shows 
comparison of peak intensity at 779 cm-1 with same representation of a, b & c.  
 
We thus conclude that our in-house SORS set-up with the 2-3 mm offset provided us with 
better detection capability than the direct Raman system. It was interesting to note that the 
barcoded NP assemblies could probe detection from within lipid containing tissue even with 
the conventional Raman system. The higher peak intensity (after spectral subtraction of the 
reference chicken spectrum) might be explained by the fact that with a non-zero offset the 
Raman photons were obtained from a larger collection area than that for the zero offset.38 
The results may also be attributed to the improved selectivity of the SORS technique towards 
the deep layers of a sample when compared to conventional direct Raman geometry.39  
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Detection from within animal protein tissue 
Considerable research has been dedicated to develop barcoded NPs for use as biomedical 
diagnostic agents where ideal constructs should be stable in solution, be injectable, and 
provide an enhanced SERS signal from within tissue. Thus, HBP mediated gold NP 
assemblies with all the above properties demonstrate itself to be a potential candidate for 
biomedical applications. We earlier reported barcoding of the NP assemblies with different 
Raman tags including adenine, methylene blue, indocyanine green and 2-quinolinethiol and 
showed that these NP assemblies offer the possibility of multiplexing.24 We opted to use 2-
quinolinethiol (QTH) as the Raman tag in this study because of the higher signal 
enhancement obtained with it, in addition to the fact that it is a relatively small molecule and 
has a thiol group with a strong affinity for attachment to gold surfaces.  
We thus investigated the potential of QTH-barcoded assemblies as diagnostic agents for deep 
tissue Raman detection. The tissue used was chicken breast which is primarily composed of 
protein. With the injection of the NP assemblies into the proteinaceous tissue at depths of 3-4 
mm, additional peaks arise due to the SERS tag (spectrum 4b), as shown in fig. 4. On spectral 
subtraction of the chicken tissue spectrum (spectrum 4a), the signature peaks of the SERS tag 
2-quinolinethiol (QTH) at 1369 cm-1 and 779 cm-1 are observed (spectrum 4c) which matches 
that of the SERS spectrum of QTH-barcoded assemblies (spectrum 3d). This confirms that 
solution stable NP assemblies can be easily detected through 3-4 mm of chicken 
proteinaceous tissue by backscattering SORS geometry.   
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Figure 4. SESORS spectra of (a) chicken protein tissue as control, (b) spectrum of QTH-
barcoded NP assemblies spectrum from beneath 3-4 mm of chicken breast tissue, (c) 
spectrum of QTH-barcoded NP assemblies after spectral subtraction of the chicken protein 
spectrum, and (d) SERS spectrum of QTH barcoded NP assemblies as reference without any 
tissue with conventional direct Raman set-up. Each SORS spectrum was collected with 10 
accumulations of 30 s. Major peaks marked with dotted line. 
 
 
QTH-barcoded non-aggregated gold NPs, at similar injection depths of 3-4 mm, were also 
examined so as to compare the benefits of using NP assemblies as the diagnostic agent. 
Using identical gold NP and QTH concentrations, the aggregated NP system (spectrum 
5A(b)) had a significantly higher detection sensitivity as compared to that of barcoded non-
aggregated gold NPs (spectrum 5Aa)), an effect of the higher “hot-spot” density of the 
assemblies. In fact under the conditions of this experiment, peaks due to the SERS tag 
molecule QTH could not be observed when non-aggregated gold NPs were used. Similar 
experiments were carried out with different concentrations of QTH in the SERS-barcoded NP 
assemblies in order to determine the minimum detection sensitivity of the system, as shown 
in fig. 5A(b-d). After spectral subtraction of the tissue spectrum, the primary peak intensity 
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and the signal-to-noise (S/N) ratio decreased with decrease in QTH concentration in the NP 
assemblies. This is shown as a plot in fig. 5B. Under these conditions, fig. 5B shows that a 
minimum QTH concentration of around 10-6 M is required to achieve a penetration depth of 
around 3-4 mm at S/N ratio of approximately 6.  
 
 
Figure 5. A) SESORS spectra from beneath 3-4 mm depth of chicken protein tissue after 
spectral subtraction of the chicken protein spectrum (a) QTH-barcoded non-aggregated gold 
NPs with QTH concentration of 10-4 M, QTH-barcoded aggregated NP assemblies with QTH 
concentration of (b) 10-4 M, (c) 10-5 M and (d) 10-6 M. All samples have identical gold NP 
concentration. No spectral smoothing done to emphasize the S/N ratio. Each SORS spectrum 
was collected with 10 accumulations of 30 s. Major peaks marked with dotted line. B). Plot 
of SESORS signal intensity at 1369 cm-1 and the signal-to-noise (S/N) ratio to QTH 
concentration added to NP assemblies. 
 
 
Higher injection depths of 7-8 mm (from plane ‘A’) were also investigated. From fig. 6, the 
primary peaks at 1369 cm-1 and 779 cm-1 (marked with a dotted line) could be readily 
identified in SORS backscattering mode. The maximum detection depth investigated with 
these SERS-barcoded NP assemblies was 7-8 mm. In this work we did not seek to maximize 
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the detection depth because it depends on a number of variables including the concentration 
of the NP assemblies, the concentration of QTH, the sensitivity of the Raman system, the 
SORS offset, the dimensions of the laser beam and the laser power. However, from figs. 5A 
and 5B it is clear that when a high concentration of QTH is used a reasonably high S/N ratio 
is obtained at both 3-4 mm and 7-8 mm depths in proteinaceous tissue which would allow 
data to be obtained from even deeper into the sample. The penetration depths reported here, 
without any optimization, are better than the previous SERS or SESORS reports where a 
backscattered configuration has been used.16, 30 Where a transmission configuration was used 
penetration depths of up to 50 mm17 have been reported. However, as mentioned previously, 
the backscatter approach is likely to be more useful in a clinical environment. 
 
 Figure 6. SESORS spectra from within chicken breast tissue after spectral subtraction of 
chicken tissue spectrum (a) QTH-barcoded non-aggregated gold NPs, (b) SESORS spectra of 
QTH-barcoded NP assemblies at 3-4 mm depth, (c) SESORS spectra of QTH-barcoded NP 
assemblies at 7-8 mm depth. (a & b) have identical NP and QTH concentration. Each SORS 
spectrum was collected with 10 accumulations of 30 s. Major peaks marked with dotted line. 
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Detection through animal lipid tissue 
Most animal tissue contains lipids as well as proteins and hence it becomes essential to study 
the ability to detect signals through tissues that contain both lipids and proteins, for possible 
applications in biodiagnostics. In order to evaluate if the SERS-barcoded NP assemblies 
could be detected through lipid containing tissue, chicken leg skin with the lipid (fat) layer 
intact of thickness 1-2 mm was selected because of its high lipid content. As shown in fig. 2c 
the tissue sample consists of a thin layer of skin attached to a thicker layer of lipid tissue. As 
the sample itself was only 1-2 mm thick, we could not use the injection method for sample 
preparation. Our approach was to drop-cast 100 µL of the aqueous solution of NP assemblies 
onto a stainless steel (SS) substrate, air-dry it and further cover the substrate with the chicken 
skin, which stuck to the substrate due to its inherently oily nature. Similar to that with the 
proteinaceous tissue, we observed additional peaks due to the SERS tag (spectrum 7b) with 
the NP assemblies from beneath lipid tissue (skin), as shown in fig. 7. On spectral subtraction 
of the chicken skin (spectrum 7a), the signature peaks of the SERS tag QTH at 1369 cm-1, 
1322 cm-1 and 779 cm-1 were visible (spectrum 7c) and matched those of the reference SERS 
spectrum of QTH-barcoded NP assemblies (spectrum 7d). We thus conclude that the QTH-
barcoded NP assemblies could be detected with ease from under the chicken skin (lipid 
tissue) with a backscattered SORS configuration. This confirms that our barcoded assemblies 
were suitable candidates for detection through animal tissue containing both protein as well 
as lipid. 
 
 
 
Page 202 of 222 
 
 
Figure 7. (a) SESORS spectra (a) chicken skin as control, (b) spectrum of QTH-barcoded NP 
assemblies from underneath 1-2 mm chicken skin, (c) spectrum of QTH-barcoded NP 
assemblies after spectral subtraction of chicken skin spectrum, and (d) SERS spectrum of 
QTH barcoded NP assemblies as reference without any tissue with conventional direct 
Raman set-up. Each SORS spectrum was collected with 10 accumulations of 30 s. Major 
peaks marked with dotted line. 
 
 
The fundamental optical characteristics that are exploited for diagnostic application of NPs 
are absorption and scattering (elastic and inelastic) in the wavelength region of 700–1000 nm 
(near-infrared, NIR range) where tissue scattering predominates over absorption. It is well 
known that the key tissue constituents that absorb in the 700-1000 nm range include oxy- and 
deoxy-haemoglobin, water and lipids.7 The absorption due to lipids is highest in the NIR and 
hence poses a challenge for detection through tissues with high lipid content. From fig. 8A, it 
is clear that though the lipid tissue by itself has almost 10-fold increased signal intensity 
compared with the protein tissue, it is still possible to detect our tailored SERS-barcoded 
diagnostic agents through it, although at a considerably reduced depth. The relatively higher 
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signal intensity (see fig. 8B) of the NP diagnostic agent observed in the case of the high lipid 
containing tissue is possibly due to the effect of the lower tissue thickness in the case of lipid 
than that of the protein tissue. Detection might be challenging with high lipid containing 
tissue with comparable detection depths as that employed with proteinaceous tissue. 
 
 
Figure 8. A). SORS spectra of animal tissue containing high content of protein and lipid 
respectively. B). SESORS spectra of QTH-barcoded NP assemblies (a) from underneath 1-2 
mm chicken tissue with high lipid content, (b) from within 3-4 mm of chicken proteinaceous 
tissue, and (c) SERS spectrum of QTH barcoded NP assemblies as reference without any 
tissue with conventional direct Raman set-up. Each SORS spectrum was collected with 10 
accumulations of 30 s. Major peaks marked with dotted line. 
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CONCLUSIONS 
The potential of SESORS for non-invasive detection from within animal tissue using SERS-
barcoded NP assemblies as diagnostic agents has been explored. This concept has been 
experimentally verified using an in-house Raman system with an excitation line of 785 nm 
under ex vivo conditions using a backscattered geometry, which is more appropriate for 
clinical applications than the transmission configurations that have been previously reported 
for ex vivo SESORS studies. We have demonstrated that the HBP mediated NP assemblies 
have significantly higher detection sensitivity compared with that of SERS-barcoded non-
aggregated gold NPs. The signal intensity and signal-to-noise (S/N) ratio at a particular depth 
was found to be a function of the SERS tag concentration used. We witness that such NP 
assemblies perform well as diagnostic agents and can be readily detected with high S/N ratio 
from within depths of 7-8 mm of animal proteinaceous tissue as well as from underneath 1-2 
mm of animal tissue with a high lipid content. It was interesting to observe that with our 
system, we did not have difficulty in detection through the high lipid containing tissue, which 
is generally a cause of concern due to the high optical absorption of lipid in the NIR, though 
the investigated detection depth of 1-2 mm was comparatively low compared with that of the 
proteinaceous tissue. We did not seek to find the maximum detection depth in this particular 
study as it is dependent on the NP assemblies, the Raman system and the offset used. Our in-
house Raman system with a fixed SORS offset was compared to the direct Raman system 
(both in backscattered mode) to verify the effectiveness of the SORS system. It was found 
that a non-zero offset (approximately 2-3 mm in our case) performed significantly better than 
a conventional Raman geometry. Higher detection depths may possibly be obtained with 
further improvements in the size, shape, morphology and “hot-spot” density of the NP 
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assemblies, as well as further optimization of the SORS geometry and instrumentation in our 
Raman system.  
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Chapter 6 
Summary, Conclusions and Future Work 
SUMMARY AND CONCLUSIONS 
Gold NPs have been extensively studied for biomedical applications due to their low toxicity, 
facility for bio-conjugation and functionalization, high X–ray absorption and their 
photothermal properties. The emerging field of nanomedicine benefits from such properties 
of gold NPs by being able to employ them as X-ray CT-based imaging agents for diagnosis 
as well as for photothermal therapy. This makes them ideal candidates for both diagnostic 
and therapeutic agents. Our interest was in the development of gold NP based imaging agents 
for diagnostics in nanomedicine. Though the X-ray CT imaging modality has excellent 
spatial resolution in vivo, it is not a feasible technique in determining the tumor “margin” for 
histopathological skin and/or surgical biopsies, which otherwise takes days for analysis with 
existing clinical methodologies. This motivated us to look into alternative imaging 
modalities, supported by gold NPs, with the added benefits of fast processing times, high 
imaging sensitivity and specificity.  
Raman spectroscopy is known for its high chemical specificity and spectral sensitivity, which 
makes it a good candidate as an imaging modality. But the Raman intensity is inherently 
weak which can be improved by utilizing the surface enhanced Raman scattering (SERS) 
phenomenon. Raman intensity enhancements due to SERS are observed when a Raman tag 
molecule comes in the vicinity of a NP surface, such as a gold NP, as a result of the increase 
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in the electric field around the NP surface. Hence the application of gold NPs as SERS-active 
imaging agents for Raman bioimaging seems to be appealing. Though gold NPs enhance the 
Raman signals (up to few orders of magnitude) due to the SERS phenomenon, further 
enhancements of the Raman signal would most likely be required for detection of the 
imaging agents from within tissue layers (for skin or breast cancer detection or tissue 
biopsies). Optical imaging modalities such as fluorescence bioimaging and Raman 
bioimaging suffer from the high light scattering and auto-fluorescence due to the tissue, 
thereby limiting detection depth into the tissue. Thus, the major challenge in developing 
SERS-active gold NP imaging agents is to be able to further boost the SERS signal intensity, 
so that even after significant signal loss due to scattering within the tissue, the SERS signals 
could still be detected. Extensive studies in literature show that the SERS signal can be 
enhanced by introducing “hot-spots” into the nanostructures. Hot-spots are defined as the NP 
junctions where the electric field is greatly enhanced, boosting the Raman/SERS signal of 
molecules occupying them. High SERS activity has been reported with structures containing 
nanogaps of 0-10 nm. Gold NP assemblies formed as a result of aggregation of NPs, presents 
a neat way to introduce and lock the hot-spots into the nanostructures. This inspired us to 
pursue the development of colloidal gold NP assemblies to obtain an enhancement in SERS 
performance as compared to single gold NPs, and thereafter investigate the possibility of 
their detection from within tissue layers. 
Our strategy of forming NP assemblies involved multi-branched macromolecules as linkers, 
binding to gold NPs chemically and thereby forming stable nanostructures. This appeared to 
be a better strategy compared with approaches involving manipulation of the electrostatic 
properties (like addition of salts and metal ions) resulting in random aggregation and leading 
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to precipitation of the nanostructures from the colloid. A hyperbranched polymer (HBP) 
having multiple functional end groups (that chemically bind to gold) was synthesized by 
employing the RAFT polymerization technique. As the RAFT agents are generally sulfur 
(has strong affinity for gold) containing compounds, which are retained as end groups in the 
polymer, it obviates the need for post-modification of the linker to introduce suitable end 
groups with affinity for gold. In our study, we used a tailor-made RAFT agent which, after 
polymerization, resulted in a polymer chain having trithiocarbonate and alkyne end groups, 
both reported to chemically bind to gold. In contrast to other multi-branched organic or 
polymeric structures, RAFT HBPs were easy to synthesize and purify and provided a simple 
control of the number of branches in addition to the hydrodynamic size of the polymer 
macromolecules. 
As a proof of concept, we investigated the use of HBPs (PEG-based) with an end group 
density of 8 (having 4 branches 2 end group each, resulting in 4 trithiocarbonate and 4 alkyne 
end groups) and a hydrodynamic size of approximately 8.5 nm, as a potential molecular 
linker. A three-step methodology was devised for the formation of the gold NP assemblies 
also referred to as the “hybrid assemblies”. Firstly, the HBPs were self-assembled onto the 
citrate stabilized gold NPs via anchoring end groups, displacing the citrate ions from the NP 
surface. These HBP-coated gold NPs or “intermediate hybrids” were red in color and had a 
characteristic SPR peak shift of ~1-2 nm suggesting no aggregation in the colloid, which was 
supported by the DLS data and TEM micrographs. After removal of the excess HBP and 
citrate from the intermediate hybrid colloid, it was added to an equimolar batch of citrate 
stabilized gold NPs which anchored onto the free end groups available at the surface of the 
intermediate hybrid NPs. These as-prepared final “hybrid assemblies” were bluish black in 
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color suggesting significant aggregation, also supported by data from the UV-Vis, DLS and 
TEM techniques. A secondary SPR peak around 685 nm was observed, and the TEM 
micrographs suggested an assembly size of 50-120 nm composed of approximately 10-15 
individual gold NPs. Thus it was demonstrated, for the first time, that HBPs could be 
successfully employed as molecular linkers to form gold NP assemblies. Such assemblies 
could not be observed when using a mono-functional linear RAFT polymer with an end 
group density of 1, which in contrast exhibited a stabilizing role. Interestingly, the formation 
of NP assemblies was observed to be a function of the HBP linker concentration. At a lower 
concentration of HBP, the citrate ions dominated causing electrostatic stabilization, only 
dimers and trimers (2-3 NPs per assembly) were formed. On increasing it to an optimum 
concentration, bigger NP assemblies with 10-15 NPs per assembly could be obtained. With 
further increase in the concentration, the HBPs dominated causing a steric stabilization of the 
NPs, leading to formation of smaller assemblies comprising mainly of dimers and trimers. 
The three concentration groups were termed Regime I, Regime II and Regime III hybrids, 
respectively. On investigating their SERS performance, it was noticed that the NP assemblies 
provided higher SERS intensities compared with citrate stabilized single gold NPs. Among 
the NP assemblies Regime II hybrids with highest NP density per assembly demonstrated 
highest SERS intensities. 
After gaining some understanding of the methodology and tunability of the NP assembly 
formation, it was interesting to explore the preparation of different morphologies in an effort 
to achieve some control over the hot-spot density and hence tune the SERS properties. As 
pointed out earlier, the polymeric linker end group density determined its role as a linker or 
stabilizer. Thus we were also interested in gaining an insight in the effect of the number of 
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end groups Naeg (or number of branches Nb) of the linker in the formation and properties of 
the assemblies. We observed a strong dependence of the end group density on the NP 
assembly morphology, which in turn dictated the hot-spot density and SERS activity. Our 
detailed experimentation and analysis of the more aggregated Regime II hybrids 
demonstrated that a linear bi-functional (Nb = 1, Naeg = 2) polymer formed a 1D-like linear 
nanochain assembly comprising of ~5-10 NPs. Whereas, HBPs with (Nb = 4 & 5, Naeg = 8 & 
10) formed loosely packed 2D-like nanoplate morphologies with ~10-15 NPs per assembly. 
Higher end group density HBP (Nb = 9, Naeg = 18) linker formed 3D-like globular NP 
assemblies with approximately more than 20 NPs per assembly. The morphologies were 
extensively studied by AFM, along with both conventional and cryo-tilted TEM, in order to 
obtain the true morphological structure of the assemblies. It was also observed that the total 
number of end groups required to form these assemblies was indirectly proportional to the 
linker end group density. As the NP junctions formed the hot-spots, hence higher NP density 
per assembly, in combination with a closely packed morphology, would result in higher 
SERS enhancements. This was verified experimentally when we obtained highest SERS 
activity for the 3D-like globular morphologies, followed by the 2D-like nanoplate structures 
with the least enhancement observed for the linear nanochains. This study thereby provided 
an in-depth understanding of the effects of the linker end group density (or branch density) 
on the morphologies and properties of the assemblies, as well as, providing a direct 
comparison of the morphology dependent SERS activity. 
An attempt was made to form core-satellite nanoassemblies by employing a similar strategy. 
This would not only establish the versatility of our approach, but also provide nanostructures 
with precise tunability of the size, NP density and SERS activity. As understood from our 
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earlier study, a compact 3D globular morphology demonstrated higher hot-spot density 
which translated into a higher SERS activity. The 3D globular assembly comprising of 
identical sized gold NPs contained both SERS-active and SERS-inactive NP junctions (hot-
spots), depending on the presence or absence of the HBP linker (acting as the Raman tag 
molecule) at the NP junctions. Thus, the SERS-active hot-spot density could not be precisely 
controlled, which led to our interest in core-satellite assembly morphologies. Such 
nanoassemblies with control over the satellite density could lead to more precise control of 
the hot-spot density and assembly size. A smaller sized satellite NP with respect to the core 
was used in the study, as it would help in achieving a higher satellite density per core NP. 
With this aim in mind, a similar procedure to that described earlier was employed to form 
core-satellite assemblies. Upon detailed investigation of the linker HBP concentration (or 
HBP coverage on core NP) and the NP stoichiometry of satellite to core employed in forming 
them, it was noted that both parameters directly influenced the satellite density. A higher 
linker concentration and stoichiometry was vital for the formation of core-satellite assemblies 
with high satellite density. The satellite densities were analyzed by investigating TEM 
micrographs through a series of tilt angles and re-constructing a 3D model from them. As the 
hot-spots were expected to be the satellite-core NP junctions, control over the satellite 
density translated into the control over the hot-spot density and provided a method to 
maximize the SERS properties of these assemblies. Our limiting satellite density was 
observed to be ~10, which might be due to the electrostatic repulsion of the negatively 
charged citrate stabilized satellite NPs, prohibiting close packing of the satellites on the core. 
An increase in SERS intensity (of the HBP) with increase in satellite density was noticed. It 
was rather exciting to observe the unusual high SERS intensity of the PEG-based HBP even 
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at very low nM concentrations. The potential for multiplexing of the core-satellite assemblies 
was successfully demonstrated by employing six commercially available Raman tag 
molecules at concentrations of ~10-7 M.  
With our acquired understanding and expertise in engineering the SERS-active gold NP 
assemblies, it was essential to explore the possibility of its use in biodiagnostics. Our interest 
in a Raman based imaging modality was to provide fast and efficient detection of the skin 
and/or surgical biopsies of cancerous tumor, which otherwise requires days for 
histopathological analysis. Such tumors could range from few millimeters to a few 
centimeters. In case of surgical biopsies, especially breast cancer biopsies, the distance 
between the surrounding normal tissue and the excised tumor referred to as the “margin” 
shows whether the site is clear of cancer cells. Doctors prefer a negative or clear margin 
(generally more than 3 mm of normal tissue) where there are no tumor cells which implies 
that all of the cancer cells in that infected area have been removed. The minimum detection 
depth targeted was 3mm so as to be able to detect the cancerous tissue through a minimum 3 
mm of normal tissue for confirming a clear margin. Conventional Raman spectroscopy 
(where the excitation and acquisition points coincide) suffers from the limitation of low 
penetration depth into the tissue layers. To overcome this limitation, we employed a 
specialized form of Raman spectroscopy, known as spatially offset Raman spectroscopy 
(SORS) where the acquisition point is spatially offset from the excitation point and this 
enables the detection from deeper layers of the tissue. We had access to an in-house built 
SORS system with backscattering geometry and utilized it as the Raman imaging system. It 
has been successfully showed that gold NP assemblies were indeed better imaging agents as 
compared with single gold NPs. Detection to a depth of about 7-8 mm for high proteinaceous 
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chicken tissue was realized with NP assemblies, whereas, imaging agents based on single 
NPs could not be detected even at half this depth. As lipid is another major constituent of the 
animal tissues, we probed detection from within 1-2 mm of high lipid containing chicken 
skin tissue. The NP assemblies performed significantly better than the single gold NPs.  
Hence, we conclude that gold NP assemblies have higher SERS activity and potentially 
perform better as SERS imaging agents than single gold NPs, both in colloidal form and for 
detection in ex vivo conditions. This justifies our vivid study of NP assemblies, which 
provided us with the capability to control their various physical, optical and spectroscopic 
properties. The knowledge gained could also be employed in similar chemical self-assembly 
based approaches, and in engineering the desired efficiency from colloidal SERS substrates. 
As one of the few early studies in this area, we hope to have contributed to the potential use 
of Raman spectroscopy as an imaging modality for diagnosis in nanomedicine. 
 
FUTURE WORK 
As these are early steps in this field, a lot more work is required from a specialized inter-
disciplinary group of physicists, chemists and biologists to be able to employ this strategy 
clinically. But to be very specific to the area of work, one of the major concerns was the 
leaching of the Raman tag molecules from the NP assemblies in biological environment, 
thereby decreasing the SERS activity in addition to causing toxicity to the cells. A probable 
way to counteract it might be to modify the HBP linker and integrate a Raman tag moiety 
into it. This might also improve the SERS activity, as the Raman tag molecules would 
occupy the hot-spots and also prevent any leaching into the cells. Another area which should 
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be investigated is the biocompatibility, toxicity and active targeting capability of these NP 
assemblies. Surface functionalization of the NP assemblies with PEG-based linear polymers 
might improve the biocompatibility and blood circulation time for possible in vivo 
applications. Also targeting-ligand functionalized linear PEG polymers could be anchored to 
the NP assembly and its active targeting to specific cells could be studied. Optimization of 
the SORS system could also be explored where different spatial offsets might be employed to 
maximize the detection depth.  
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